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Abstract
CO2 capture is not only a promising solution for global warming but also an important
component of many gas separation and purification processes. Metal-organic frame-
works (MOFs) are competitive candidates for efficient CO2 capture because of their
large capacity and adjustable affinity. This dissertation studies a specific MOF, zeolitic
imidazolate framework 7 (ZIF-7), for the relationship between its stimuli-responsive
structure and distinctive CO2 capture properties under varying conditions.
The phase transition observed in ZIF-7 upon CO2 adsorption has been investi-
gated. The crystal structure of the unsaturated phase, ZIF-7-II, has been determined
and compared with the saturated ZIF-7(-I) structure. The “gate-opening” behaviour
of ZIF-7 primary guest-hosting pore (pore A) for CO2 adsorption is visualised for
the first time. An irreversible phase transition from ZIF-7-I or ZIF-7-II framework
to a dense layer structure, ZIF-7-III, is observed when water is present. The crys-
tal structures and dynamic behaviours of ZIF-7 (CO2) system have been studied by
diffraction and spectroscopic analysis. CO2 is found to have an adsorption preference
for a geometrically-open pore in ZIF-7 (pore B) over the primary guest-hosting pore.
This preference is responsible for the fast CO2 transport diffusion in the framework.
The rotation of bIm ligands in the geometrically-open pore gives rise to the cooperative
CO2 adsorption in the primary guest-hosting pore, which is reflected by the step-shape
of the adsorption isotherm. The rotation of bIm linkers also induces the ZIF-7-II to
ZIF-7-I phase transition upon increasing CO2 pressure. The vibrational modes of bIm
ligands have been indicated to have a strong influence on the CO2 accessibility of the
primary guest-hosting pore. The pressure-dependent structural behaviour of ZIF-7 is
described in the final chapter. ZIF-7 is shown to be able to withstand high hydrostatic
pressure whilst retaining its porosity and structural integrity. Its structural response
to pressure is also influenced by bIm rotation and includes a displacive structural
transition to a distorted but stable and topologically invariant high-pressure phase,
ZIF-7-IV. Additional efforts have been made to understand ZIFs in a broader context.
The adsorption of CH4 and H2 in ZIF-7 are briefly discussed.
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Chapter 1
Introduction
1.1 Carbon dioxide capture
Global climate change caused by anthropogenic CO2 emission has become a worldwide
concern over the last quarter century or more. Over 85% of the emission of this
primary greenhouse gas stems from energy consumption [1]. Currently around 80%
of global energy is supplied by carbon-rich fossil fuel (coal, oil and natural gas), in
spite of the enormous effort devoted to the development of carbon-free or carbon-
neutral renewable-energy technologies [2]. In the near future our reliance on fossil
fuel will continue for a number of reasons, including their inherent energy density and
abundance, and “the economic dependence of modern society on the acquisition and
trade of these resources [3]”. It is clear that before renewable-energy technologies will
achieve any breakthrough, toward building a low-carbon society, cutting down the
amount of CO2 emitted to the atmosphere from burning fossil fuel remains a high
priority.
Apart from improving the efficiency of fossil fuel, capturing CO2 waste for recycling
is an important way to reduce emission. Fossil fuel is widely used in electrical power
plants, industrial manufacture and transport. Among the few CO2 capture processes
proposed to date, point source capture or Carbon Capture and Storage (CCS) has
received the greatest attention because the capital required to install such capture
systems to existing plant configurations is acceptable and the potential revenue may
be profitable under certain fiscal incentive schemes. CO2 captured may be used in
enhanced oil/gas recovery (EOR/EGR), or be transformed to other chemicals, or be
traded as a commodity to industries such as food production. Among these pathways,
EOR/EGR, which involve injecting CO2 into a low-productivity oil/gas reservoir to
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improve the efficiency of crude oil/gas extraction, has attracted the most attention.
According to the annual report of Global CCS Institute Global Status of CCS: 2014 [4],
fifty-five large-scale CCS projects have been identified around the world. Twenty-two
of them are in operation or under construction and their total CO2 capture capacity
is expected to be around 40 million tonnes per year, “or equivalent to the total annual
CO2 emissions of countries such as Denmark or Switzerland”.
The major problem CCS projects are facing is the high associated cost. Three
processes have been designed: (1) postcombustion capture; (2) precombustion capture;
(3) oxy-fuel combustion (Figure 1.1). Of these, postcombustion capture is regarded as
the most cost-effective and has been deployed in commercial applications. Meanwhile
Fig. 1.1 Three CCS processes, from Sumida et al., 2012 [5].
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Fig. 1.2 Various technologies and associate materials developed for CO2 capture, from
Li et al., 2011 [3].
considerable focus is being placed on precombustion capture in new CCS projects.
Various technologies and associate materials have been developed for CO2 capture in
some gas separation and purification processes such as natural gas sweetening and
biogas upgrading (Figure 1.2). They are in fierce discussion for their potential in
CCS application. The most widely used CO2 capture method is chemical absorption
using alkanolamines [6, 7]. However, its energy penalty can be as high as ca. 30%
[5]. This excessive energy consumption is mainly related to the regeneration of the
absorbent. One obvious reason is that the strong CO2–absorbent chemical bonds
formed during the absorption process require a large amount of energy to break during
desorption and regeneration. On the other hand, in real applications, alkanolamine
species need to be kept at low concentrations (below 40 wt%) to prevent container
corrosion. During regeneration, a large volume of water, with high heat capacity, must
be heated. In view of these problems, solid porous adsorbents, with much weaker guest-
host interactions and much lower heat capacities, are attracting significant attention in
the development of second-generation CO2 capture technologies [8]. Traditional solid
porous adsorbents include zeolites and activated carbon. In recent years, in addition to
modifying conventional materials, scientists have been designing a wide range of new
functional materials that are of huge potential in industrial applications. These include
metal-organic frameworks, porous organic polymers and covalent-organic frameworks.
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Due to their abundance in nature and their thermodynamic stability, zeolites
have become one of the most important adsorbents and catalysts in the fossil fuel
industry. They are traditionally defined as “crystalline aluminosilicates or silica poly-
morphs based on corner-sharing TO4 (T = Si/Al) tetrahedra forming a 3-dimensional
4-connected framework with uniformly sized pores of molecular dimensions” [9]. Nat-
ural zeolites were first discovered in basalts and sedimentary rocks back in the eigh-
teenth and nineteenth centuries. The synthesis of zeolites started to blossom in the
middle of twentieth century through the wide application of solvothermal (including
hydrothermal) synthesis methods which mimick the geothermal conditions of natu-
ral zeolite formation. Today, natural zeolites are widely used in diverse applications
including gas separation, liquid desiccation, hard water softening, sewage treatment
and soil amelioration. Some well-selected or modified natural zeolites are also used as
catalysts or supports of catalysts. Synthetic zeolites are more widely applied in gas
purification and separation, catalytic processes in coal chemistry and petrochemistry,
and ion exchange. Although the exploitation, treatment, modification and even syn-
thesis of zeolites is relatively easy and cheap, low capacity and limited functionality
have become their Achilles heel for selective gas capture applications. Metal-organic
frameworks, which have an inextricable link with zeolites from their birth, are seen as
an competitive candidate to succeed.
1.2 Metal-organic frameworks
Over the last twenty years, a new family of solid porous materials, metal-organic
frameworks (MOFs), have attracted great attention for their exceptional performance
in many applications including gas storage, molecular recognition, heterogeneous catal-
ysis and drug delivery. MOFs are 1-, 2- or 3D networks containing void spaces con-
structed via the coordinative linkage between metal cations or clusters and organic
ligands [10]. Their metal clusters are also known as secondary building units, or SBUs.
MOFs are differentiated from traditional coordination polymers by their robust struc-
tures which are able to withstand vigorous perturbation from physical or chemical
stimuli. MOF structures also have remarkable tunability. This is one of the most
distinctive characteristics that make them exceed traditional porous materials, e.g.
zeolites, in many applications. Transition metal elements in MOFs have diverse co-
ordination geometries. Connecting these metal nodes by organic linkers with various
shapes, chemists have generated a broad range of MOF materials. Reticular chemistry
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theory is the most popular synthesis strategy for MOFs, which allows for rational de-
sign and systematic adjustment of the material [11, 12]. Current MOF synthesis
studies follow three streams [13]: (1) synthesis focusing on metal-containing nodes
or coordination bonds; (2) ligand design and post-synthetic modification on linkers;
(3) symmetry-guided synthesis. Although modular synthesis has greatly reduced the
complexity of MOF design, a variety of reaction conditions can still strongly affect the
structure, morphology and composition of the final product. For example, “reactant
concentration, the presence of a cosolvent, solution pH, metal-to-ligand ratio, metal
counteranion, reaction temperature, and reaction time” have all been cited as factors
[5]. As a result, a series of high-throughput schemes have been developed [14–16].
Among various applications proposed for MOFs, their potential for selective gas
capture and storage has encouraged the most research works and attracted the greatest
attention from industry [17, 18]. Currently, MOFs hold several world records including
those for the highest surface area (NU-110E, 7140 m2·g−1, BET, equivalent to the area
of a football pitch) [19], the highest H2 uptake (NOTT-112, 10 wt%, 7.7 MPa and 77
K) [20], the highest CH4 uptake (HKUST-1, 0.22 g·g−1 or 191 g·L−1, 6.5 MPa and 298
K, meeting the volumetric target set by the U.S. Department of Energy: 188 g·L−1)
[21–23], and the highest CO2 uptake (MOF-210, 2.87 g·g−1, 5.5 MPa and 298 K) [24].
Along with searching for MOFs with higher CO2 capacity, scientists have put a lot of
effort into assessing and engineering these materials for practical CO2 capture applica-
tions. Established research areas include: single-component adsorption, co-adsorption,
selective adsorption and separation, adsorption thermodynamics, diffusion, stability
and porosity evaluation. Engineering studies include low-cost mass production [25],
packing and shaping of MOF pellets [26], preparation of MOF membranes [27] and
monoliths [28], and so on.
1.3 Zeolitic imidazolate frameworks
MOFs have inherent strong connections with zeolites, reflected by the similarities in
both their framework topologies and properties. In particular, zeolitic imidazolate
frameworks (ZIFs), an important MOF subfamily, display zeolite-related structures,
as the M–IM–M (M = metals, IM = imidazolate ligands) bridges in ZIFs have angles
close to those of Si–O–Si/Al bridges in zeolites (Figure 1.3). This structural analogy
makes ZIF design a practical way to drastically modify the zeolite structures and
their excellent properties has put ZIFs under the spotlight since they first appeared
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Fig. 1.3 The bridge configurations in ZIFs (1) and zeolites (2) [29].
[29, 30]. ZIFs were first known for their robust structures. They are outstanding
among MOF materials partly because of their exceptional thermal, mechanical and
chemical stability. ZIFs were later demonstrated to be good candidates for selective
gas capture. To date, over 150 compounds have been identified in the ZIF family of
structures [31]. A selection of them is presented in Table 1.1. Sometimes, ZIFs are
also called metal azolate frameworks (MAFs) [32], yet the ZIF terminology is more
commonly recognised.
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Table 1.1 Selected ZIFs1 [15, 29, 33].
ZIFs with SOD topology
Chemical formula
ZIF-7/ ZIF-9 Zn(bIm)2/ Co(bIm)2
ZIF-8/ ZIF-67 Zn(mIm)2/ Co(mIm)2
ZIF-65 Co(nIm)2
ZIF-90 Zn(Ica)2
ZIF-91 Zn(hmIm)2
ZIF-92 Zn(heIm)2
bIm-based ZIFs
Chemical formula Topology2
ZIF-7/ ZIF-9 Zn(bIm)2/ Co(bIm)2 SOD
ZIF-11/ ZIF-12 Zn(bIm)2/ Co(bIm)2 RHO
ZIF-20/ ZIF-21 Zn(pur)2/ Co(pur)2 LTA
ZIF-22 Zn(5-abIm)2 LTA
ZIF-23 Zn(4-abIm)2 dia
ZIF-62 Zn(bIm)0.25(Im)1.75 cag
ZIF-68 Zn(bIm)(nIm) GME
ZIF-69 Zn(cbIm)(nIm) GME
ZIF-73 Zn(mbIm)0.26(nIm)1.74 frl
ZIF-74/ ZIF-75 Zn(mbIm)(nIm)/ Co(mbIm)(nIm) GIS
ZIF-76 Zn(cbIm)(Im) LTA
ZIF-78 Zn(nbIm)(nIm) GME
ZIF-79 Zn(mbIm)(nIm) GME
ZIF-81 Zn(brbIm)(nIm) GME
ZIF-95 Zn(cbIm)2 poz
Other ZIFs mentioned in this dissertation
Chemical formula Topology
ZIF-4 Zn(Im)2 cag
ZIF-70 Zn(Im)1.13(nIm)0.87 GME
1 Skeletal formulae of all ligands appearing in this table are shown in
Figure 1.4.
2 RCSR topology [11]: lower-case; zeolite code [34]: upper-case.
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Fig. 1.4 Ligands of ZIFs in Table 1.1 [33].
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Fig. 1.5 CO2 adsorption and desorption isotherms of ZIF-7 at 298 K.
ZIF-8 (Zn(mIm)2, mIm = 2-methylimidazolate, C4H5N–2) is the most intensively
studied ZIF and is now manufactured as a commercial product [35]. By contrast, its
cousin ZIF-7 (Zn(bIm)2, bIm = benzimidazolate, C7H5N–2), which shares the same
framework topology (SOD), has received far less attention. Until recent years, ZIF-
7 was reported to have temperature-dependent step-shaped adsorption isotherms of
various strategic gases including CO2 (Figure 1.5). This feature, when well engineered,
can be used in temperature or pressure swing adsorption applications (TSA/PSA).
This will effectively reduce the energy cost in CCS projects [5, 36]. Furthermore, due
to the difference in the adsorption and desorption threshold pressures, ZIF-7 shows
prominent selectivity of CO2 over H2 [37], N2O [38], N2 [39] and CH4 [15], and alkanes
over alkenes [40, 41]. These pioneering works led to interest in ZIF-7 across the world.
The gas adsorption mechanism of ZIF-7 is relatively poorly understood, however.
It has been assumed that the gas adsorption site in ZIF-7 is inside the pore that
has the largest void (in this dissertation, it will often be referred as primary guest-
hosting pore) (Figure 1.6) [40, 42]. The diameter of the window of this pore is ca.
3 Å [40, 43]. It is therefore surprising to see ZIF-7 is able to uptake a variety of
guest molecules whose kinetic diameters are much larger (Table 1.3). In light of its
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Fig. 1.6 The crystal structure of as-synthesised ZIF-7, Yaghi et al., 2006 [29]. Right:
the primary guest-hosting pore. Zn: orange; N: blue; C: green; H: silver. N,N’-
dimethylformamide (DMF, C3H7NO) solvent molecules are represented by O atoms
(red).
Table 1.2 The crystal data of as-synthesised ZIF-7, Yaghi et al., 2006 [29].
Chemical formula C14H10N4O2.24Zn
Formula weight 335.47
Crystal system Rhombohedral
Space group R3¯
Unit cell parameters a [Å] 22.989(3)
c [Å] 15.763(3)
V [Å3] 7214(2)
* The sample may contain DMF molecules which are repre-
sented by O atoms in the structure solution.
step-shaped adsorption isotherm, the selective adsorption in ZIF-7 has been attributed
to an unspecified “gate-opening” structural behaviour of the primary guest-hosting
pore, suggested by preliminary X-ray diffraction data and thermodynamic models
[40, 42]. There are several fundamental problems that arise:
(1) The assumption that the adsorbed guest molecules locate in the primary guest-
hosting pore is questionable; no powerful evidence has been presented to sup-
port this hypothesis. A few computational studies had been conducted on the
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structural behaviours of ZIF-7 related to gas adsorption before the current study.
In the work of Morris et al. [44], the CO2 adsorption preference in ZIF-7 was
claimed to be different from that assumed in previously. To improve our knowl-
edge of the CO2 adsorption in ZIF-7, it is necessary to verify and understand
the CO2 adsorption geometry in this material on the basis of solid experimental
evidence.
(2) The proposed “gate-opening” structural behaviour of the primary guest-hosting
pore was vaguely described. Even though X-ray diffraction data showed that
such behaviour may even cause a crystal-to-crystal phase transition upon CO2
adsorption [42], little effort had been made to get direct insight into this phe-
nomenon. Interpretation from a thermodynamic perspective was given (see Sec-
tion 1.4 for details); however, it is of more significance to understand this struc-
tural transformation through crystallographic observation. Clarifying the crystal
structures of ZIF-7 possible polymorphs is crucial since they strongly affects our
understanding of the selective CO2 adsorption in this material.
(3) Except for the earliest paper by Yaghi et al. [29], there is no systematic study on
the stability of ZIF-7. Structural transformations can be caused by many factors,
not limited to guest uptake and release. To better understand the CO2 capture
in ZIF-7, the structural response of the framework as a function of operating
conditions of its potential applications (pressure, temperature and moisture)
has to be considered.
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Table 1.3 Empirical kinetic diameters and physical properties of selected guest
molecules, and corresponding ZIF-7 adsorbability at room temperature.
Adsorbability Kinetic
diameter
[Å]
Melting
point
[K]
Boiling
point
[K]
Van der Waals
constant
[L2·atm·mol−2]
H2 × [37] 2.89 [45] 14.01 20.28 0.248
NO 3.17 [45]
CO2
√
[39] 3.3 [3] 194.7 216.6 3.640
N2O
√
[38] 3.3 [45] 182.3 184.7 3.832
O2 3.46 [45] 54.36 90.20 1.382
H2S 3.6 [45]
N2 × [39] 3.64 [3] 63.15 77.36 1.370
CO 3.76 [45] 68.15 80.65 1.505
CH4 × [41] 3.76 [3] 91.15 111.65 2.283
CH3OH
√1 4 [46]
SO2 4.11 [47]
C2H4
√
[41] 4.16 [48] 103.95 169.45
C2H5OH
√1 4.3 [49]
C3H6
√
[41] 4.3 [50] 89.95 225.55
C3H8
√
[41] 4.3 [45] 85.15 231.15 8.779
n-C4H10
√
[40] 4.3 [45] 133 272 14.47
C2H6
√
[41] 4.44 [48] 90 184.15 5.562
cis-2-C4H8
√
[40] 4.49 [51] 134.2 276.85
trans-2-C4H8
√
[40] 4.61 [51] 167.65 274.05
1-C4H8
√
[40] 4.83 [51] 87.8 266.68 12.76
NO2 5.12 [52]
DMF
√1 5.5 [46]
Polarisability
[×10−31 m3]
Dipole moment2
[×10−30 C·m]
Quadrupole moment2
[×10−40 C·m2]
CO2 26.3 [53] 0 13.4 [53]
N2O 30.3 [54] 0.17 11.0 [55]
O2 15.8 [54] 0 1.0 [56]
N2 17.4 [54] 0 4.7 [53]
CO 19.5 [54] 0.12 8.8 [57]
CH4 26.0 [53] 0 [58] 0 [53]
C2H4 42.5 [58] 0 [58] 5.0 [58]
C2H6 44.5 [58] 0 [58] 2.2 [58]
C3H6 62.6 [58] 1.2 [58] 0 [58]
C3H8 63.3 [58] 0.3 [58] 0 [58]
1-C4H8 81 [51] 0.3 [51]
cis-2-C4H8 82 [51] 0.3 [51]
trans-2-C4H8 81.8 [51] 0 [51]
n-C4H10 82 [54] 0 [54]
1 In liquid phase; 2 absolute value.
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1.4 The flexibility of MOFs
One of the initial motivations of MOF research was to find coordination polymers
that possess not only high functionality but also good framework rigidity comparable
with that of zeolites [59]. However, interestingly, the flexibility of MOFs later became
an important focus of the research community. Instead of collapsing or retaining the
original framework upon guest removal, flexible MOFs undergo reversible structural
transformations when external stimuli are applied. Phase transitions that have been
studied include two types: crystal-to-amorphous and crystal-to-crystal. Although in
recent years MOF crystal-to-amorphous transitions have attracted a lot of attention
among material scientists [60–66], crystal-to-crystal transitions are more widely dis-
cussed. Since the pore size varies between different phases, this type of transition
allows for indirect control of selective gas capture by modulating operating conditions
such as pressure and temperature.
Early research focused on the structural transformations that involve bond re-
arrangements inside the frameworks, which often induce detectable changes in the
crystallographic unit cell [67]. It was found that “among the about 20,000 coordi-
nation network structures, which may be classified as MOFs and are listed in the
Cambridge Structural Database (CSD), only less than 100 compounds reveal substan-
tial ... (crystal-to-crystal phase) transitions or related stimuli responsive properties”
[68]. Recently, structural transformations that involve fine modification of the pore
structure yet not necessarily a huge change in the crystal structure, e.g. by breaking
its symmetry, have received considerable attention. The most up-to-date classification
of the flexibility modes of MOFs has been proposed by Coudert et al. [69, 70] (Figure
1.7). Among four types of flexibility modes [68], breathing, swelling and subnetwork
displacement are always reflected by a change in unit cell volume (∆V ̸= 0), while
structural transformation caused by linker rotation are much harder to observe since
∆V is often negligible and the crystal system is unchanged during the transformation.
Breathing is the most famous flexibility mode. It is often characterised by a phase
transition between two distinct states: narrow-pore (np) or closed-pore phase and
large-pore (lp) or open-pore phase. MIL-53 (M(bdc)(OH), M = Al , Fe, Cr , Sc, Ga,
In; bdc = 1,4-benzenedicarboxylate, C8H4O2–4 ) is one of the most intensively studied
flexible MOF subfamily due to their breathing behaviour [71–78]. Theories estab-
lished, based on MIL-53, are applicable to other flexible MOFs. A typical example
for swelling behaviour is MIL-88 (M3O(L), M = Fe, Cr; L = trans-butenedioic acid
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Fig. 1.7 Four types of flexibility modes of MOFs, from Schneemann et al., 2014 [68].
(C4H2O2–4 ), bdc, 2,6-ndc (2,6-naphthalenedicarboxylate, C12H6O2–4 ) and bpdc (4,4’-
biphenyldicarboxylate, C14H8O2–4 )) [79]. Their unit cells gradually expand upon sol-
vent molecule incorporation while the space groups do not change [80–82]. Swelling
can also be induced by temperature. Especially, negative thermal expansion has been
observed for several classic “rigid” MOFs such as MOF-5 or IRMOF-1 (Zn4O(bdc)3)
[83–85] and HKUST-1 (Cu3(btc)2, btc = 1,3,5-benzenetricarboxylate, C9H3O
2–
6 ) [23,
86, 87]. Subnetwork displacement only takes place in MOFs that consist of 2D net-
works connected to each other by weak forces. These subnets can drift, relocate or
shift with respect to each other, which enables big changes in the unit cell and even
gives rise to symmetry alteration. An example for subnetwork displacement is ELM-11
(Cu(bpy)2(BF4)2, bpy = 4,4’-bipyridine, C10H8N2) [88, 89].
ZIFs are best known for their structural transformations induced by IM linker
rotation. Take ZIF-8 for example: it was first discovered that under high pressure,
this material is able to reorientate its mIm ligands without breaking N–Zn–N bonds
or changing the space group [90]. Remarkably, such behaviour allows for extra sol-
vent molecules (pressure-transmitting medium) to enter its nanopores. Later, similar
behaviour was also demonstrated for its N2 [91], CO2, CH4, C2H6, C3H8 and C4H10
adsorption [92]. One focus of this dissertation is the exploration of the influence of
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Fig. 1.8 IUPAC classification of gas physisorption isotherms of solids. From Sing et
al., 1985 [94].
ZIF-7 structural flexibility on its CO2 adsorption behaviour. It will be shown that
the flexibility is related to not only the rearrangement of the building units but also
the rotation of bIm linkers. Relevant transformations (including both continuous and
discontinuous) can be triggered by a variety of external factors, which gives ZIF-7
myriad possibilities in selective gas capture applications.
The flexibility of MOFs is often reflected by their gas adsorption isotherms. In
many cases, gas adsorption in MOFs is physical (physisorption), i.e. the adsorption
is caused by “ubiquitous dispersion–repulsion forces (van der Waals forces) ... sup-
plemented by various electrostatic contributions” [93]. According to the International
Union of Pure and Applied Chemistry (IUPAC), gas physisorption isotherms of solids
can be put in six categories (Figure 1.8) [94]. Typical MOFs have micropores (pore
diameter dpore < 20 Å), which suggests they should display type I, III or V isotherms.
The Type I isotherm is associated with strong adsorbate-adsorbent interaction whereas
materials that have type III isotherm are less attractive to the adsorbate when com-
pared with the forces between adsorbate molecules themselves. The saturation point
of a type I material is controlled by its accessible pore volume. The adsorption branch
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Fig. 1.9 CO2 adsorption and desorption isotherms of ZIF-7 at 195 and 298 K. Semi-
logarithmic scale is used for CO2 pressure in order to present a clear view of the
isotherm feature in the low-pressure range.
of a type V isotherm shares similar mechanism with that of a type III isotherm. Type
II, IV and VI isotherms are related to solids which are nonporous, mesoporous (dpore
= 20 – 500 Å) or macroporous (dpore > 500 Å). They intuitively reveal the monolayer-
multilayer adsorption and capillary condensation phenomena during adsorption.
Intriguingly, quite a few flexible microporous MOFs show type IV and VI isotherms
for specific gas species. For example, ZIF-7 has type IV CO2 adsorption isotherms
(Figure 1.9) whereas its trans-2-C4H8 adsorption isotherm at 298 K falls into type VI
(Figure 1.10) [40]. The presence of one or more steps and hysteresis in the isotherm is
often interpreted as a consequence of either the occurrence of chemisorption [36, 93] or
the abrupt structural transformations of the MOF host induced by guest incorporation.
For the latter case, a general thermodynamic model was proposed by Coudert et al.
[95] and was later adopted in the explanation of the so-called “gate-opening” behaviour
of ZIF-7 [40, 42]. The model assumes that for each structure i of the material, the
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Fig. 1.10 Trans-2-C4H8 adsorption and desorption isotherms of ZIF-7 at 298 K, from
Kapteijn et al., 2011 [40].
isotherm is type I and can be described by the Langmuir equation:
N (i) = Kip
1 + Kip
N
(i)
max
(1.1)
where K i is the Henry constant, which is always seen as a direct measure of the guest-
host interaction or adsorption affinity. N (i) and N (i)max are the number of adsorbed
gas molecules measured and at the plateau of the isotherm, respectively. p is the
gas pressure. In the circumstance that only two structures (1 and 2) are involved,
assuming ideal gas is used, the difference between their osmotic potential (∆Ωos =
Ω(2)os – Ω(1)os ) can be described as:
∆Ωos(p) = ∆Fhost + p∆V − (1.2)
RT [N (2)max ln(1 +
K2p
N
(2)
max
)−N (1)max ln(1 +
K1p
N
(1)
max
)]
∆ Fhost is the difference between the free energies of the empty host structures (1 is
assumed to be more stable in the absence of adsorbates, ∆ Fhost = F (2)host – F
(1)
host > 0).
∆V is the difference between the unit cell volumes of 1 and 2. In the original discussion
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Fig. 1.11 The four possible cases of Langmuir-type adsorption in materials with two
metastable structures 1 and 2. Top: the adsorption isotherms. Middle: the step-free
isotherms corresponding to each structure. Bottom: the osmotic potential of both
structures. Green arrows indicate guest-induced structural transitions. From Coudert
et al., 2008 [95].
p∆V was later ignored. Assuming the fluid density ρ in the pores at sufficiently high
pressure is identical for all host phases, i.e. N (i)max = ρVi, Vi is the accessible pore
volume, Equation 1.2 can be written as:
∆Ωos(p) = ∆Fhost −RTρ[V2 ln(1 + K2p
ρV2
)− V1 ln(1 + K1p
ρV1
)] (1.3)
By discussing the solutions of ∆Ωos(p) = 0, one will be able to determine the po-
tential phenomenology of the guest-induced structural transformations (Figure 1.11).
Four possible cases arise:
(a) V 2 > V 1: only one structural transition can be observed. Although 1 is favoured
at low pressure, as pressure increases, the larger accessible pore volume of 2 will
make it increasingly favoured, leading to a structural transition upon adsorption.
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(b) V 1 > V 2 and K 1 > K 2: no structural transition will be observed. 1 is always
more favoured than 2: its empty structure has lower free energy, higher adsorp-
tion affinity and larger pore volume.
(c) V 1 > V 2 and K 2 > K 1: Either no (case c’) or two structural transitions will be
observed. Under these conditions, 1 is favoured at low and sufficiently high pres-
sure for its larger pore volume. At intermediate pressure, 2 is thermodynamically
favoured due to its higher adsorption affinity. Whether 2 appears depends on
the following sufficient condition, which is decided by the relationship between
host free energy difference and relative adsorption affinity:
∆Fhost
ρRT
< (V2 − V1) ln(K2V1 −K1V2
V1 − V2 ) + V1 lnK2 − V2 lnK1 (1.4)
(c’) V 1 > V 2 and K 2 > K 1: no structural transition will be observed. For the
detailed explanation see case c.
One may notice case (a) and (c) can be invoked in the explanation of ZIF-7 CO2
(type IV) and trans-2-C4H8 (type VI) adsorption isotherms respectively. However,
the required conditions for these cases are incompatible. In addition, both case (a)
and (c) only consider two metastable structures and the model ignores restraints such
as stress given by pressure [96] and possible rearrangement of gas molecule packing
[97]. In general, the thermodynamic model relies on experimental-available isotherms
and information on the crystal structure such as accessible pore volume. It essentially
offers rationalisation rather than prediction of the guest-induced structural transitions
in flexible MOFs. Experimental analysis carried out in this dissertation not only
provides valuable data for developing rigorous interpretations of the nature of selective
CO2 capture in ZIF-7, but also generates the critical evidence to test existing models.
1.5 Dissertation structure
This dissertation is organised into seven chapters. Aside from this chapter giving
a general introduction, other chapters describe different components of my study of
ZIF-7 in detail:
Chapter 2 briefly introduces the synthesis and characterisation methods used in
ZIF-7 sample preparation. Specific analysis techniques for particular following chap-
ters will be described separately. Theoretical background is also discussed here.
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Chapter 3 (published as ref. [98]) describes the crystal structure solution for an un-
known phase of ZIF-7 (ZIF-7-II) observed previously upon CO2 adsorption [42]. This
work is fundamental to any further discussion on the selective adsorption behaviour
of ZIF-7. In addition, an irreversible phase transition from the 3D ZIF-7 framework
to a dense layer structure (ZIF-7-III) is presented, illustrating the instability of ZIF-7
in the presence of water.
Chapter 4 (partly published as ref. [99]) discusses an investigation of CO2 ad-
sorption geometry and ZIF-7 framework behaviour during CO2 incorporation, using
neutron powder diffraction. Structural analysis indicates that the preferred CO2 ad-
sorption site is different from the primary guest-hosting pore of ZIF-7. bIm ligands
rotate gradually upon CO2 loading making the primary guest-hosting pore performing
a “gate-opening” behaviour as identified qualitatively in the literature. The results also
highlight the importance of pressure on the CO2 adsorption and the related structural
responses of ZIF-7.
Chapter 5 describes preliminary efforts to understand the dynamics of ZIF-7 (CO2)
system. The transport diffusion of CO2 in ZIF-7 is briefly discussed and CO2 molecules
are found to have more transport freedom in ZIF-7 than expected. This strongly
supports the result from Chapter 4 that CO2 molecules prefer to be adsorbed in a
geometrically-open pore of ZIF-7. The CO2 accessibility of the primary guest-hosting
pore is studied by measuring the changes in the vibrational modes of ZIF-7 during CO2
adsorption. Preliminary data interpretation provides important evidence for future
theoretical studies on the responsive structural behaviours of ZIF-7 to CO2 uptake.
The weak interactions between ZIF-7 and H2 are also studied. Results indicate that
bIm ligands have a dominant role in controlling the H2 affinity of ZIF-7.
Chapter 6 (published in ref. [100]) explains the effect of pressure on the structure
of ZIF-7. ZIF-7 is shown be able to withstand high hydrostatic external pressure
whilst retaining its porosity and structural integrity through a new ferroelastic phase
transition (ZIF-7-IV). Oversaturation of ZIF-7 with solvent molecules greatly decreases
its compressibility and increases its resistance to amorphisation. The evacuated ZIF-7
phase (ZIF-7-II) is found to be able to recover to the original ZIF-7 structure with
excellent resistance to pressure.
Chapter 7 draws together the results of the entire series of studies and provides a
forward-look towards possible future directions.
Chapter 2
Methodology and theoretical
background
2.1 Synthesis and characterisation
2.1.1 Solvothermal method
Various methods have been developed for MOF synthesis [101]: solution reactions
under mild conditions, solvothermal reactions, mechanosynthesis, electrosynthesis,
sonosynthesis and microwave-assisted reactions, to name just a few. Solvothermal
synthesis is a conventional method used in MOF discovery and production. This type
of reaction is often conducted in a sealed container with aqueous or organic solvents
present. Reaction temperatures are typically relatively high (373 – 573 K) and pres-
sure is autogenerated within the closed system via the solvent evaporation. Under
solvothermal conditions, which are sometimes around the subcritical or supercritical
conditions of the solvent, the physical and chemical properties of the reactants can be
significantly altered [9, 102]. Thus, new compounds or phases and metastable struc-
tures may be formed. The size and morphology of product crystals can be controlled
[103, 104].
The method for ZIF-7 solvothermal synthesis used here was developed based on
the one given by Gücüyener et al. [41]. All chemicals employed were commercially
available (Sigma-Aldrich and Acros Organics), with purity of 98% or above, and were
used as received. Zinc nitrate hexahydrate (Zn(NO3)2 · 6H2O, 0.75 g, 2.52 mmol) and
benzimidazole (HbIm, 0.25 g, 2.05 mmol) were first dissolved in fresh DMF (75 ml).
The resultant solution was then poured and sealed into a 100 ml teflon-lined stainless
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Fig. 2.1 The solvothermal synthesis scheme for ZIF-7.
Fig. 2.2 The simulated and experimental PXRD data of as-synthesised ZIF-7.
steel autoclave. The autoclave was heated at 400 K for 48 h. After naturally cooling
to room temperature, white platy crystals were isolated after the mother liquor was
removed. The average yield was around 0.34 g (97% based on HbIm). The simplified
scheme is shown in Figure 2.1.
The presence of ZIF-7 was confirmed by X-ray powder diffraction (PXRD) using
a Bruker D8 Advance X-ray diffractometer equipped with a Sol-X detector, parallel
Soller slits, an incident beam monochromator with CuKα1 radiation (λ = 1.5406 Å)
and pulse-height amplifier discrimination. The generator was operated at 40 kV and
40 mA. The sample was prepared for analysis by gently grinding in an agate mortar
and then depositing on a flat-plate sample holder using ethanol (EtOH). Diffraction
data were collected at room temperature in the range of 6 – 50◦ (2θ), in θ:2θ mode
and step-scan with ∆2θ = 0.02◦, for 2 s per step. The PXRD pattern is compared
with the one calculated from the crystal structure model given by Yaghi et al. (Figure
2.2) [29].
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Fig. 2.3 ZIF-7 solvothermal synthesis experiment. Left: stainless steel autoclave and
teflon lining; right: as-synthesised sample.
Fig. 2.4 The scanning electron microscope (SEM) images of an as-synthesised ZIF-7
sample (solvothermal method), showing rhombohedral morphology.
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Because an excess of Zn(NO3)2 · 6H2O was present in the reaction, zinc oxide
(ZnO) impurity was found. The synthesis method was later modified to get rid of
ZnO by reducing the amount of Zn(NO3)2 · 6H2O, however samples used in most
experiments in this dissertation were prepared using the original method. Attempts
were made to quantify the proportion of ZnO in the as-synthesised sample. ZnO was
added (0 – 14.6 wt%) as the internal standard to generate a PXRD calibration curve.
Quantitative Rietveld refinement [105, 106] was conducted using TOPAS-Academic
4.1 [107]. The starting models of ZIF-7 and ZnO were from Yaghi et al. [29] and the
Inorganic Crystal Structure Database (ICSD) database, respectively. Unfortunately
due to the strong preferred orientation of the sample and the inhomogeneous dispersion
of ZnO, construction of a reliable calibration curve was not possible. However, the
amount of ZnO is found to be negligible, approximately less than 3 wt%.
CO2 adsorption and desorption isotherms of ZIF-7 were measured by a Hiden
Isochema IGA gravimetric analyser. As-synthesised ZIF-7 was activated at 400 K for
48 h before the measurement. The CO2 adsorption capacity of ZIF-7 sample is not
affected by ZnO impurity (Figure 2.5).
Fig. 2.5 A comparison of CO2 adsorption and desorption isotherms at 298 K of ZIF-7
samples with and without ZnO impurity.
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2.1.2 Mechanochemical method
Mechanical synthesis or mechanosynthesis is a clean and efficient method that has
recently been introduced for ZIF synthesis [108–111]. It involves solid-state reaction
induced by mechanical energy. Compared with the traditional solution-based syn-
thetic route, this method requires almost no hazardous solvents, which reduces a large
portion of the total production cost, minimising the potential environmental impact
of synthesis.
By adding sodium bicarbonate (NaHCO3) into the reaction between zinc chloride
(ZnCl2) and HbIm, I used a quantitative acid-base reaction for the mechanosynthesis
of ZIF-7:
ZnCl2 + 2HbIm + 2NaHCO3 → ZIF-7+2NaCl + 2H2O+ 2CO2 ↑
In detail, ZnCl2 (52 mg, 0.38 mmol), HbIm (90 mg, 0.76 mmol) and NaHCO3 (64 mg,
0.76 mmol) were first mixed in a 14.5 ml stainless steel reactor along with two 7 mm
diameter stainless steel balls. Then, 30 µl DMF was added for liquid-assisted grinding
(LAG). The reactor was sealed and attached to a Retsch MM400 grinder mill so that
the grinding frequency and time could be controlled. The reaction conditions could be
varied: the grinding frequency may vary from 10 to 20 Hz, and the total grinding time
was varied from 5 to 100 min. After the reaction, products aged overnight in order
to improve their crystallinity. MeOH was used to remove excessive sodium chloride
(NaCl).
There are several advantages of this synthesis method:
(1) Low cost. According to the procedure described above, the solvothermal method
requires 220 ml DMF to obtain 1 g product. Using the mechanochemical method,
one can reduce the amount of DMF required to 0.3 ml per 1 g ZIF-7 (assuming
yield is 100%). A number of factors will affect the total amount of solvent needed,
however in theory, the mechanochemical method greatly reduces the cost of raw
materials. Currently the price of the only commercially-available ZIF, ZIF-8, is
approximately £260 per 10 g [35]. Here, the cost of ZIF-7 production is reduced
to approximately £1.5 per 10 g1. Although cheaper and less hazardous solvents
such as EtOH have been reported applicable for ZIF-7 solvothermal synthesis
[112], they demand extra reactor volume and extra energy input for recycling.
This problem can be radically addressed by reducing the amount of solvent used
1The prices of raw materials are from suppliers on alibaba.com
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Fig. 2.6 Retsch MM400 grinder mill in operation (left) and the SEM images of an
as-synthesised ZIF-7 sample (mechanochemical method) (right).
in mechanosynthesis.
(2) Mild reaction conditions. Solvothermal synthesis is conducted at relatively high
temperature (400 K) and pressure. The reaction time is relatively long (ca. 2
days). Using the mechanochemical method, synthesis can be conducted at room
temperature and pressure, and reaction times can be reduced to less than one
hour.
(3) Clean by-product. The mechanochemical method involves a quantitative acid-
base reaction and NaCl is the only by-product. It can be easily recycled using
MeOH.
Although here I demonstrate the feasibility of mechanosynthesis for producing ZIF-
7, the proposed method needs to be optimised (e.g. reaction conditions) and product
quality requires further investigation. In Chapter 3, it will be shown that variation in
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reaction conditions will lead to the formation of different ZIF-7 phases. It is important
to understand the effect of different reaction conditions on the structure of ZIF-7 pro-
duced. As for product quality, the size of ZIF-7 crystals produced by mechanosynthesis
is much smaller than that of the ZIF-7 synthesised using solvothermal method (Figure
2.6 and 2.4, respectively). It is of interest to further study the gas adsorption property
of ZIF-7 product from mechanosynthesis: the larger surface area per unit mass may
increase the gas adsorption capacity of the material.
2.2 The basics of scattering theory
2.2.1 A general view
The purpose of discussing the scattering theory here is to better understand the scat-
tering experiments used throughout this dissertation. Scattering is generally classified
in terms of the energy transfer between two interacting objects. Elastic scattering
implies that the energy of the scattering particles does not change upon interaction,
and inelastic scattering, by contrast, indicates energy transfer occurs. According to
the type of radiation employed and the energy transfer between the incident radiation
and the sample, experimental techniques based around scattering vary (Figure 2.7).
Incident radiation, for example X-rays and neutron beams, can be defined as har-
monic travelling waves with wave vector k (|k| = 2π/λ). k has the same direction as
that of the propagation of the wave. Scattering is, therefore, often discussed in recip-
rocal space rather than in real space. The relationship between real and reciprocal
spaces can be represented by Fourier transformation. If the density function of the
sample is represented as ρ(r) in real space and F(k) in reciprocal space, the Fourier
Fig. 2.7 Neutron scattering data classified by energy transfer, from Sivia, 2011 [113].
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transformation between the two is mathematically expressed as:
F (k) =
∫
ρ(r) exp(ik · r)dr (2.1)
ρ(r) = 12π
∫
F (k) exp(- ik · r)dk (2.2)
Fourier transformation follows Friedel’s law:
F (-k) =
∫
ρ(r) exp(- ik · r)dr =
[∫
ρ(r) exp(ik · r)dr
]∗
= [F (k)]∗ (2.3)
ρ(- r) = 12π
∫
F (k) exp(- ik · - r)dk
=
[ 1
2π
∫
F (k) exp(- ik · r)dk
]∗
= [ρ(r)]∗
2.2.2 Elastic scattering
The interference pattern generated from scattering is typically the primary data one
gets from an experiment. It is the sum of the incident (i) and scattered (s) waves.
Since a wave can be expressed in the form:
ψ(r, t) = A exp[i(k · r− ωt)] (2.4)
the interference pattern can be written as:
ψi(r, t) + ψs(r, t) = A exp[i(ki · r− ωit)] + A exp[i(ks · r− ωst)] (2.5)
To simplify the following discussion, here I start from the case of elastic scattering
where ωi = ωs. Thus Equation 2.5 becomes:
ψi(r) + ψs(r) = A exp[i(ks · r− ωst)]× {exp[i(ki − ks) · r] + 1} (2.6)
Clearly the interference pattern is, in fact, the scattered wave with a phase change; the
phase change is only influenced by the relationship between the incident and scattered
beams. One may define the scattering vector Q to represent the change in wave vector
in the scattering process:
Q = ki − ks (2.7)
The following equation can be derived from Equation 2.6:
ψi(r) + ψs(r) = ψs(r)× {exp(iQ · 0) + exp(iQ · r)} (2.8)
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The phase change is called the “scattering factor” at position r:
F (Q) = exp(iQ · 0) + exp(iQ · r) (2.9)
The total scattering F(Q) from a sample is the sum of scattering factors over all
atoms, weighted by the scattering power of each atom (bj):
F (Q) =
∑
j
bj exp(iQ · rj) (2.10)
=
∑
j
bj
∫
ρj(r) exp(iQ · r)dr
bj is called the neutron scattering length in neutron scattering and is independent of
Q. in X-ray scattering it is replaced by the atomic scattering factor f j(Q) which is
strongly dependent on Q = |Q|, since the wavelength of the X-rays is of a similar
length scale as that of the electron wave function around the atom from which they
scatter. Equation 2.10 shows that the elastic scattering process is, in nature, the
Fourier transformation of the electron or nuclear density. By measuring a set of Q,
one is able to construct a picture of the atomic arrangement in the sample. In practice,
instead of Q, the intensity of the scattered beam is measured:
S(Q) = ⟨|F (Q)|2⟩ (2.11)
It should be pointed out that by doing this, one surrenders all information from the
phase of Q.
The scattering geometry is often simplified as in Figure 2.8. In the case of diffraction,
Fig. 2.8 The scattering geometry. Left: general geometry; right: diffraction geometry.
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where the scattering is from a lattice or collection of atoms, the addition path length
of the scattering waves at position r is:
l1 + l2 = 2d sin θ (2.12)
d is the lattice interplanar spacing. Since diffraction is coherent elastic scattering (|ki|
= |ks|, ωi = ωs), l1 + l2 = nλi = nλs = nλ (n is an integer). This gives the Bragg’s
law:
2d sin θ = nλ (2.13)
From Figure 2.8 it is easy to see that in diffraction Q = 2|ks|sinθ. The relationship
between Q and d is straightforward:
Q = 2nπ
d
(2.14)
Generally in scattering, the additional path length has the following relationship with
Q:
l1 + l2 = |r| cosα + |r| cos β (2.15)
= λ2πki · r+ (-
λ
2πks · r) =
λ
2π (ki − ks) · r =
λ
2πQ · r
2.2.3 Inelastic scattering
Now I expand my treatment by considering the case of inelastic scattering: in a
dynamic system, the atomic position r is, in fact, a function of time. The total
scattering is redefined:
F (Q, t) =
∑
j
bj exp[iQ · rj(t)] (2.16)
the scattering function can be derived [114]:
S(Q, ω) =
∑
j,j′
bjbj′
∫
⟨exp[iQ · rj(0)] exp[- iQ · rj′(t)]⟩ exp(- iωt)dt (2.17)
This is a critical function for all scattering experiments. The intermediate scattering
function I (Q, t) is defined as the time Fourier transformation of S(Q, ω):
S(Q, ω) = 12π
∫
I(Q, t) exp(- iωt)dt (2.18)
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It is so called because it acts as the intermediate between the scattering function
measured and the van Hove correlation function G(r, t) in real space:
I(Q, t) =
∫
G(r, t) exp(iQ · r)dr (2.19)
S(Q, ω) = 12π
∫∫
G(r, t) exp(iQ · r) exp(- iωt)drdt (2.20)
2.2.4 Coherent and incoherent scattering
Both of the regularity and randomness in a sample can be reflected by its scattering
data. Total scattering is a combination of coherent and incoherent scattering:
STotal = SCoh ⊗ SIncoh (2.21)
Coherent and incoherent scattering are related to pair- and self-correlation in the
material, respectively:
SCoh(Q, ω) =
1
2π
∫∫
Gp(r, t) exp(iQ · r) exp(- iωt)drdt (2.22)
SIncoh(Q, ω) =
1
2π
∫∫
Gs(r, t) exp(iQ · r) exp(- iωt)drdt (2.23)
The self-correlation function Gs(r, t) corresponds to the possibility of finding a
particle at position r at time t if the same particle was at the origin at time zero.
Thus incoherent scattering gives information on single-particle behaviour and self-
correlation. On the other hand, the pair-correlation function Gp(r, t) describes the
possibility of finding any particle at position r at time t. Correspondingly, coher-
ent scattering gives information on spatial correlations and collective motions of the
sample.
2.3 Scattering experiments
2.3.1 X-ray scattering
X-rays are electromagnetic waves with wavelengths between 0.1 – 100 Å and the ener-
gies between 102 – 105 eV. Since their wavelengths fall in the range of the interatomic
spacings and lattice parameters of most crystals, X-rays are widely used as incident
beams in scattering experiments.
In laboratory X-ray diffractometers, X-rays are usually generated by a beam of
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thermal electrons striking a metal target. After the striking, an inner-shell electron of
the metal target is ejected causing an outer-shell electron to relax into the inner shell
and to emit an X-ray photon of a characteristic energy. The electron transition from
L to K shell (i.e. from the second to the first shell) is most important and is labelled
Kα. The Kα transition in different metal targets generates X-rays with different
wavelengths which can be used for various analysis purposes.
Synchrotron sources are able to produce tunable X-rays with high intensity over a
range of wavelengths. They use a magnetic ring of tens of metres in radius to accelerate
a beam of electrons in circular (or helical) orbits to emit electromagnetic waves. When
electrons are accelerated at relativistic speeds, they emit electromagnetic waves in the
X-ray waveband. There are several advantages of synchrotron radiation over standard
X-rays: (1) it has a broad and flat spectrum which ranges from microwaves to hard
X-rays; (2) the high-intensity photon beam allows rapid experiments or collection of
data from weakly-scattering crystals; (3) synchrotron radiation has high brilliance,
high stability, and both linear and circular polarisation; (4) it may also be coherent.
Brilliance is an important measure of the quality of X-ray sources: the greater
the brilliance, the more photons that can be concentrated on a spot. The reason for
the high brilliance of synchrotron radiation is the relativistic speeds of the accelerated
electrons in the magnetic ring. Because of the circular motion of the electrons, a
Doppler effect arises in the X-rays emitted. Due to the relativistic speeds of the
electrons, the bulk emission of X-rays is confined to an angular divergence of 1/γ
radians (γ is the Lorentz factor), parallel to the direction of the instantaneous velocity
of the electrons.
In Chapter 3 and 6, results are discussed where synchrotron sources were used for
the analysis of the structural changes in ZIF-7 under different external conditions.
2.3.2 Neutron scattering
Neutrons are another type of radiation commonly used in scattering experiments.
Atomic nuclei are the ultimate source of neutrons. The first method to generate
neutrons is via a nuclear reactor where the fission of 235U (in most cases) is activated by
thermal neutrons. The fission is a continuous chain reaction and provides one neutron
each time; the neutron flux obtained is up to 1015 s−1·cm−2. Neutrons produced are
made to lose kinetic energy through collision with light atoms, since the exchange
is most efficient between particles of similar energy. A neutron beam is typically
obtained over a broad spectrum, and individual wavelengths can be selected by Bragg
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diffraction from crystal monochromators. In Chapter 4, experiments are described
where this type of neutron source was used.
The second method for neutron generation is through spallation. High-energy
protons, accelerated in a proton synchrotron, strike into a heavy-metal target (e.g. W,
Hg, or Pb) which then ejects numbers of neutrons. The beam of neutrons is produced
in a series of discrete pulses and is not monochromatic. In Chapter 5, experiments
using this type of neutron source are described. The energy transfer (and consequently
Q) is analysed using a time-of-flight (TOF) method. Its principle is:
T = ti + ts =
L
vi
+ l
vs
= L√
2Ei
m
+ l√
2Es
m
(2.24)
where T is the time that an incident neutron takes to arrive at the detector and m
is the mass of neutron. Because the energy of the scattered wave Es, the distance
round the analyser system l and the length of the flight path from the moderator to
the sample L are all known, measured T uniquely defines the energy of the incident
wave E i, and hence the energy transfer (ETrans = E i − Es) at the sample.
In neutron experiments, the scattering intensity is measured by the double differen-
tial of neutron scattering cross section σ. It is defined as the total number of neutrons
scattered into the solid angle ∂Ω within energy range ∂E [115]. This quantity is
proportional to the value of scattering function S(Q, ω):
∂2σ
∂E∂Ω ∝ (
ks
ki
)b2S(Q, ω) (2.25)
For each scattering event, the total scattering cross section can be calculated by inte-
grating over energies and solid angles:
σ =
∫∫ ∂2σ
∂E∂Ω = 4π⟨b
2⟩ (2.26)
As mentioned previously, total scattering has both coherent and incoherent contribu-
tions. Hence the total scattering cross section σTotal is composed of a coherent and an
incoherent scattering cross section (σCoh and σIncoh):
σTotal = σCoh + σIncoh (2.27)
σCoh = 4π|bCoh|2 = 4π⟨b⟩2 (2.28)
σIncoh = 4π|bIncoh|2 = 4π(⟨b2⟩ − ⟨b⟩2) (2.29)
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Table 2.1 Neutron scattering lengths and cross sections of selected elements [116].
bCoh bIncoh σCoh σIncoh σTotal σA
H -3.7406 25.274 1.7583 80.27 82.03 0.3326
D 6.671 4.04 5.592 2.05 7.64 0.000519
12C 6.6511 0 5.559 0 5.559 0.00353
14N 9.37 2.0 11.03 0.5 11.53 1.91
16O 5.803 0 4.232 0 4.232 0.00010
64Zn 5.22 0 3.42 0 3.42 0.93
66Zn 5.97 0 4.48 0 4.48 0.62
1 b in fm; σ in barn, 1 barn = 10−28 m2
2 σA is the absorption cross section for 2200 m/s neutrons.
Compared with X-ray scattering, neutron scattering has several advantages:
(1) The atomic scattering factor f (Q) that determines the X-ray scattering inten-
sity heavily depends on the number of electrons in the atom, whereas neutron
scattering length b is random across the periodic table but in the same range for
most elements, so there is rarely a problem in neutron scattering that one heavy
element dominates the data.
(2) In X-ray scattering, f (Q) decreases rapidly with increasing Q, while for neutrons
b is independent of the scattering angle. This allows for collecting the scattering
data over a wide range of Q and energy transfer.
(3) H is virtually invisible to X-rays because of its lack of electrons. However its
large σ provides an opportunity to investigate the atomic behaviours of H-rich
materials using neutron scattering.
Chapter 3
Structural responses to desolvation
and water
In this chapter, a series of studies are presented to reveal the structural responses
of ZIF-7 to desolvation and water at elevated temperature. The phase transition
between solvated and desolvated ZIF-7 (ZIF-7-I and ZIF-7-II) is characterised and
found identical to the one observed in CO2 adsorption at 298 K. The structure of
ZIF-7-II is determined. In addition, a new irreversible phase transition, from ZIF-7-I
or ZIF-7-II framework to a dense ZIF-7-III layer structure, arising from Zn–N bond
breaking in the presence of water, is seen for the first time. The ZIF-7-III phase is
the densest yet-reported ZIF. The results demonstrate the importance of guest-host
interactions in controlling the stability and structure of ZIFs. These studies have been
reported as a published paper in Chemistry of Materials [98].
3.1 Context
In 2011, Aguado et al. first compared the PXRD data and CO2 adsorption of ZIF-
7 (around room temperature) [42]. A reversible narrow-pore (np) to large-pore (lp)
phase transition in a guest-free sample was described as a function of CO2 pressure or
temperature (Figure 3.1). The lp phase was shown to correspond to the original ZIF-7
structure, whereas the crystal structural details of the proposed np phase were not
elucidated. In several recent studies the same phase transition was also observed [112,
117]; however no progress had been made in arriving at a crystal structural solution for
the np phase. Understanding the np phase is of particular importance before discussing
the CO2 adsorption mechanism of ZIF-7 in later chapters, because of its fundamental
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Fig. 3.1 The PXRD data of ZIF-7 upon CO2 (a) adsorption and (b) desorption at 303
K; upon (c) heating and (d) cooling under pCO2 = 50 kPa. ZIF-7_lp phase: plain
symbol; ZIF-7_np phase: empty symbol; mixture: half symbol. From Aguado et al.,
2011 [42].
role in any related experimental and theoretical analysis. In this chapter, np and lp
phases are demonstrated to correspond to ZIF-7 with low and high guest occupancy.
A variety of experimental analysis confirms this conclusion: thermogravimetry (TG),
differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy
(FT-IR), Raman spectroscopy, X-ray diffraction. A further synchrotron diffraction
experiment was conducted to obtain the structural solution of the np phase, ZIF-7-II.
The structural instability of ZIFs in the presence of water has long been underesti-
mated. Despite the wide acknowledgement of the instability of zinc coordinate bonds
with respect to hydrolysis [118, 119], studies of the water durability of ZIFs are limited
[120, 121]. Water vapour is ubiquitous in industrial streams and must be considered
when choosing adsorbents for gas separation and storage. On the other hand, studies
concerning water-based synthesis of ZIFs have been widely-reported [112, 122–124],
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since this is one route for cost reduction in the production of these materials. It is
important therefore to fully understand the role that water plays in the structural
stability of ZIFs [125]. In this chapter, ZIF-7-I and ZIF-7-II frameworks are shown
to irreversibly transform to a dense ZIF-7-III layer structure in the presence of wa-
ter. Such understanding will be of particular significance in the experimental section
discussion of Chapter 4.
3.2 ZIF-7-I and ZIF-7-II reversible phase transition
3.2.1 Thermal analysis coupled with Fourier transform infrared
spectroscopy
A combined TG(DSC)-IR analysis was conducted to monitor the guest loss process
of an as-synthesised ZIF-7 sample upon heating. A NETZSCH STA 449 F1 Jupiterr
simultaneous TGA-DSC analyser and a Bruker TENSOR II FT-IR spectrometer were
employed. The sample (20.66 mg) was weighed into an alumina crucible before being
placed in the simultaneous TGA-DSC analyser. It was then heated from 308 to 573
K at 5 K·min−1 under a nitrogen atmosphere. Around 350 K, the onset of guest loss
is seen in the TG trace (Figure 3.2). It matches well with the temperature range that
corresponds to an endothermic signal in the DSC curve. The weight loss reaches its
maximum rate at around 473 K. Interestingly, at this temperature, a positive peak is
observed in the DSC curve. This indicates a previously-unknown exothermic event.
This event could, potentially, be a phase transition of the flexible ZIF-7 structure.
The molecules released from the sample were analysed by FT-IR and were found to
be DMF (Figure 3.3).
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Fig. 3.2 The TG and DSC traces of as-synthesised ZIF-7. The initial apparent weight
gain is due to buoyancy effects in the TGA-DSC analyser, which was demonstrated
by measuring an empty alumina crucible using the same instrument.
Fig. 3.3 The IR spectrum of the gas released by as-synthesised ZIF-7, compared with
the IR spectrum of DMF gas (NIST Standard Reference Database 69: NIST Chemistry
WebBook).
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3.2.2 Raman spectroscopy
To understand the modification of ZIF-7 structure that occurs during guest loss, Ra-
man spectra of an as-synthesised ZIF-7 sample were collected in air as a function of
temperature between 297 and 421 K. The experiment was performed using a Labram
300 spectrometer (Horiba Jobin-Yvon™) of 300 mm focal length equipped with an
1800 grooves·mm−1 grating and a 1024 × 256 pixels Peltier cooled CCD detector
(Figure 3.4). The excitation radiation at 632.8 nm was produced by an internal HeNe
20 mW laser. Before the experiment, a piece of silicon single crystal was used for
calibration. The ZIF-7 sample was placed in a Linkam TH1500 heating stage under
an Olympus™ 50× objective (0.5 numeric aperture). The temperature of the sample
was monitored by a K-type thermocouple placed as close as possible to the sample.
Fig. 3.4 The Labram 300 Raman spectrometer (top) and sample environment (bot-
tom).
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Table 3.1 Raman band assignment.
Wavenumber [cm−1] Band assignment
87, 99, 125, 142 Lattice
551, 554 τ Bz & Im
636, 647, 650, 665 τ Im
773, 777, 780 δ1 Bz & Im
871 δ1 Im C1–H, Bz C3–H & C7–H
1007, 1021 δ1 Bz
1118 δ1 Bz C–H
1268, 1276, 1298 δ1 Bz & Bz C–H
1351, 1367, 1400 ν Bz & Im
1573, 1586, 1590 ν Bz
2900-3050 ν Bz C–H
3050-3150 ν Im C1–H
The temperature was increased at a rate of 1 K·min−1. Raman spectra were collected
every 10 K. Typical accumulation times were 60 s for each spectrum. Raman spectra
were fitted in sections using PeakFit 4.12. The baseline was corrected and the peak
features were determined using a Voigt function.
The major contributions to the spectra come from the Raman-active vibrational
modes of the bIm ligand (Figure 3.5). Observed frequencies were assigned based on
previous studies [126–128] (Table 3.1). Upon heating, most of the Raman bands remain
unchanged and show constant frequencies until 357 K, indicating that the structure
of ZIF-7 seems to be stable in this temperature range (Appendix A). Above 357 K,
strong modifications are observed in the regions corresponding to the lattice modes,
the torsion modes of the imidazole ring, and the in-plane bending modes of bIm ligand
(Figure 3.6). These modifications are associated with a common frequency decrease
and full-width at half-maximum (FWHM) increase with temperature of most of the
vibrational modes. Such changes may reflect a rearrangement in the ZIF-7 crystal
structure, probably with associated symmetry change.
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Fig. 3.5 The Raman spectrum of as-synthesised ZIF-7 collected at 305 K. ν: stretching;
δ: bending (δ1: in-plane); τ : torsion. Bz: benzene ring; Im: imidazole ring. Inset
shows the atom nomenclature used for bIm ligand, H is omitted for clarity.
Fig. 3.6 The modification of ZIF-7 Raman spectrum above 357 K.
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3.2.3 X-ray powder diffraction
In order to further investigate the structural rearrangement suggested by the Raman
study, PXRD studies were carried out over a temperature range of 300 to 700 K under
a dynamic vacuum of 10−1 Pa. The experiment used a Bruker D8 Advance X-ray
diffractometer equipped with a VÅNTEC-1 detector and Goeble mirror for parallel
beam optics (Figure 3.7). The generator was operated at 40 kV and 40 mA. As-
synthesised ZIF-7 was homogenised by gently grinding in an agate mortar and then
carefully deposited in an alumina sample holder. The sample chamber was evacuated
to 10−1 Pa before analysis using a dynamic vacuum. The diffraction data were collected
using CuKα radiation (λ = 1.5418 Å) between 6 – 45◦ (2θ) in θ:2θ mode and step-scan
with ∆2θ = 0.02◦, for 1 s per step, initially at 300 K and then in temperature steps
of 5 K from 300 to 700 K. The heating rate was 30 K·min−1. The delay time for each
scan was 2 min. The diffraction data were also collected at 610, 520, 430 and 340 K
during cooling. The same experiment was performed on another ZIF-7 sample that
had been exchanged with methanol (MeOH) for 48 h. As the strongest PXRD peaks
all appear below 25◦ (2θ) and the peaks of highly-crystallised ZnO impurity dominate
the diffraction pattern above 25◦ (2θ), only raw data in the 2θ range of 6 – 25◦ are
considered here (Figure 3.8, 3.9).
Fig. 3.7 The Bruker D8 Advance X-ray diffractometer with a heating stage.
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Fig. 3.8 The PXRD data of ZIF-7 upon heating. Top: as-synthesised sample; bottom:
MeOH-exchanged sample.
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Fig. 3.9 Selected PXRD data illustrating the ZIF-7-I to ZIF-7-II phase transition.
Background signal from the sample holders and instrument heavily influences low
angle peaks.
Around 350 K, a phase transition was observed and found to be identical to the
ZIF-7_lp to _np phase transition reported by Aguado et al. Here, we designate the
structure produced upon heating as the ZIF-7-II phase. For clarification, the known
ZIF-7 room-temperature phase will be represented as ZIF-7-I where needed. ZIF-7-II
is stable up to 700 K and does not revert to ZIF-7-I during cooling (Figure 3.10). It
is stable at room temperature in air for at least two weeks. The formation of ZIF-
7-II is attributed to the loss of solvent molecules from ZIF-7-I framework. This was
confirmed by the TG(DSC)-IR experiment discussed above. The critical temperature
of this phase transition depends on the guest-loss rate. The ZIF-7-I to ZIF-7-II phase
transition can be reversed by immersing ZIF-7-II in DMF. This reversion is due to guest
incorporation; in fact, it can occur very quickly depending upon the guest molecule.
For example, as soon as ZIF-7-II powder was soaked with EtOH, the ZIF-7-I structure
was recovered and could be observed by PXRD (Figure 3.11).
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Fig. 3.10 The PXRD data of ZIF-7 during cooling. Left: as-synthesised sample; right:
MeOH-exchanged sample.
Fig. 3.11 PXRD data revealing the ZIF-7-I to ZIF-7-II reversible phase transition.
Data intensities have been normalised separately in each diffraction pattern.
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3.3 Structure solution of ZIF-7-II
3.3.1 Laboratory X-ray powder diffraction
ZIF-7-II was reproduced by heating as-synthesised ZIF-7 at 400 K in air for 48 h
and was then investigated to obtain its crystal structure by laboratory PXRD. Data
were collected in capillary transmission geometry using the Bruker D8 Advance X-ray
diffractometer described previously (Figure 3.12). Data collection was conducted at
room temperature using CuKα radiation in the range of 5 – 70◦ (2θ), and step-scan
with ∆2θ = 0.02◦, for 12 s per step. As the peaks of ZnO impurity dominate the
diffraction pattern for 2θ above 30◦ and all refinable PXRD peaks of ZIF-7-II appear
at 2θ below 30◦, only raw data in the 2θ range of 5 – 30◦ were used for structure
solution.
Indexing of the PXRD data using TOPAS-Academic 4.1 [107] suggested a metri-
cally monoclinic unit cell, which was refined by the Pawley method [129] to give a cell
with a = 23.35(1) Å, b = 22.49(1) Å, c = 16.26(2) Å, γ = 111.52(4)◦, closely related
to the hexagonal cell parameters of ZIF-7. Structural changes on desolvation tend to
follow subgroup/supergroup relationships, i.e. the loss of one or more symmetry op-
erations from the space group due to the distortion of the structure [130]. Thus, since
ZIF-7 crystallises in the space group R3¯, the likely space groups for the desolvated
Fig. 3.12 The Bruker D8 Advance X-ray diffractometer with a sample in a quartz glass
capillary.
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structure, ZIF-7-II, are P 1¯, R3 and P 3¯. As both R3 and P 3¯ fix the angles of the unit
cell at α = β = 90◦, γ = 120◦, these two space groups were discarded from further
consideration. Starting with the reported structure of ZIF-7, solvent molecules were
removed and the symmetry was reduced to P1. The model was then imported into
Material Studio 4.3 and the structure was optimised using the Forcite code, allowing
all atoms to move under the constraint of fixed connectivity and with the unit cell
parameters fixed at the values determined from the Pawley fit.1 The resulting model
was then found to closely match a P 1¯ symmetry, which was used as the starting point
for a Rietveld refinement [105, 106].
In the Rietveld refinement, the background was described by a 5-term shifted
Chebyschev function; two broad Gaussian peaks were used to fit the noise from the
large amorphous fraction of the sample. Peak shape was modeled with a pseudo-
Voigt function described by CS_L parameter for purely Lorentzian-type crystallite
size broadening and Strain_G parameter for microstrain. Spherical harmonics were
used for preferred orientation correction. The bIm ligands were treated as rigid bodies
using Cartesian coordinates to reduce the number of variables. Dummy atoms were
added to define the origins of rigid bodies. Distance and angle restraints were set
between zinc and the coordinating nitrogen atoms with reasonable weight factors.
“Anti-bump” restraints were set between zinc and surrounding carbon and nitrogen
atoms with reasonable weight factors. Single isotropic atomic displacement parameters
were set for the ligands and zinc element respectively.
3.3.2 X-ray powder diffraction using synchrotron radiation
PXRD data using synchrotron radiation were collected at beamline I11, Diamond
Light Source, Didcot, UK [131, 132], to optimise the ZIF-7-II model (Figure 3.13,
data source: Dr. Michael T. Wharmby). The ZIF-7-II sample was prepared by heating
as-synthesised ZIF-7 at 450 K under dynamic vacuum for 3 h. The sample was then
exposed to air again for approximately one week before being loaded into a 0.7 mm
quartz glass capillary. Glass wool was packed on top of the sample and the capillary
was then fixed onto a custom-made gas cell. The sample was heated to 450 K again
under dynamic vacuum to ensure complete removal of any atmospherically-derived
adsorbate molecules.
The PXRD data of ZIF-7-II were collected in a Debye-Scherrer geometry using
1Dr. Michael T. Wharmby kindly helped with this work.
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X-rays with λ = 0.827142 Å at 300 K. Since the sample was mounted in a custom-
built gas cell, the spinning of the sample was prohibited. Instead the sample was
rocked through 20◦ (-10◦ to 10◦) about the φ axis to improve powder averaging. Data
were collected with an array of Mythen II position sensitive detectors over the range 2
– 90◦ (2θ), with two data sets offset by 0.25◦ (2θ) collected (each for 30 s). These were
subsequently automatically merged to remove gaps in the data where the microstrips
join.
All refinable PXRD peaks of ZIF-7-II appear at 2θ below 30◦; only raw data in the
2θ range of 3 – 21◦ are used for the Rietveld refinement. The background was described
by an 8-term shifted Chebyschev function. Peak shape was modeled by a Strain_L
parameter; an isotropic model was also used to describe the strain broadening [133].
Spherical harmonics were used for preferred orientation correction. The bIm ligands
were treated as rigid bodies to reduce the number of variables. Dummy atoms were
added to define the origins of rigid bodies. Atomic displacement parameters were
not refined. Distance restraints were set between zinc and the coordinating nitrogen
atoms. “Anti-bump” restraints were set between zinc and surrounding carbon and
nitrogen atoms with reasonable weight factors. Single isotropic atomic displacement
parameters were set for the ligands and zinc element respectively. The crystal data
of ZIF-7-II structure are shown in Table 3.2. A CIF file containing structure details
has been deposited in the Cambridge Crystallographic Data Centre: CCDC 988183.
It can also be found in the CD attached to this dissertation, along with the script file
of the Rietveld refinement and the experimental data file.
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Fig. 3.13 The observed and calculated PXRD patterns of ZIF-7-II. Data were collected
at beamline I11, Diamond Light Source, Didcot, UK.
Fig. 3.14 The crystal structure of ZIF-7-II. Zn: orange; N: blue; C: green; H: silver.
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Table 3.2 The crystal data and structure refinement of ZIF-7-II.
Chemical formula C14H10N4Zn
Formula weight 299.65
Temperature 300 K
Wavelength 0.827142 Å
Crystal system Triclinic
Space group P1¯
Unit cell parameters a = 23.948(6) Å α = 90.28(2)◦
b = 21.354(6) Å β = 93.28(2)◦
c = 16.349(4) Å γ = 108.41(1)◦
Volume 7917(3) Å3
Z 2
Z ’ 9
Density 1.131 Mg·m−3
2θ range for data collection 2 – 90◦
Index range (2θ) 3 – 21◦
Refinement method Rietveld refinement method
Rwp 9.96%
Rbragg 4.58%
Chi2 22.127
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3.3.3 The structural relationship between ZIF-7-I and ZIF-7-II
ZIF-7-II retains the same coordination motif of ZIF-7-I and can be regarded as a dis-
torted ZIF-7-I. The ZIF-7-I to ZIF-7-II phase transition is mediated by a tilting of the
vertex-sharing Zn(bIm)4 tetrahedral units (Figure 3.15 (a)), which is common in nat-
ural sodalites [134]. The highly-distorted and locally-strained nature of ZIF-7-II leads
to its poor crystallinity, reflected by its PXRD data and SEM image (Figure 3.16).
The primary guest-hosting pore of ZIF-7 is formed by bIm ligands in a symmetric six-
membered ring of Zn atoms [40, 44]. Interestingly, the angle between bIm ligands and
the Zn ring plane changes from 49◦ in ZIF-7-I to 29◦, 54◦, and 63◦ in ZIF-7-II (Figure
3.15 (b)). This explains the change of the imidazole ring torsion vibrational modes
seen in the Raman spectra. This pore in ZIF-7-II shows no solvent accessibility [135].
Here, we should point out that while the primary guest-hosting pore decreases in size
on the transformation from ZIF-7-I to ZIF-7-II, ZIF-7-II has a larger total volume and
void volume than a hypothetical model of guest-free ZIF-7-I (Table 3.3).
Table 3.3 Crystallographic and pore information of ZIF-7-I, ZIF-7-II and ZIF-7-III.
ZIF-7-I ZIF-7-II ZIF-7-III
Chemical formula Zn(bIm)2 Zn9(bIm)18 Zn4(bIm)16
Crystal system Rhombohedral Triclinic Monoclinic
Space group R3¯ P1¯ C2/c
a [Å] 22.989(3) 23.948(6) 16.106(3)
b [Å] 22.989(3) 21.354(6) 19.511(4)
c [Å] 15.763(3) 16.349(4) 16.126(3)
α [deg] 90 90.28(2) 90
β [deg] 90 93.28(2) 90
γ [deg] 120 108.41(1) 96.37(3)
V [Å3] 7214(2) 7917(3) 5036(1)
Density [Mg·m−3] 1.242 1.131 1.581
V (void) [Å3]1 1675 (23.2%) 2289 (28.9%) 0
1 Void analysis was carried out with Mercury 3.1 using a probe
radius of 1.2 Å and a grid spacing of 0.7 Å. Guests in ZIF-7-I
were removed.
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(a)
(b)
Fig. 3.15 Comparison between the crystal structures of ZIF-7-I and ZIF-7-II.
(a) The structural arrangement of ZIF-7-I (left) and ZIF-7-II (right) displayed as
simplified nets of Zn(bIm)4 tetrahedra, where each vertex represents a single
bIm molecule. The crystal structures were simplified by TOPOS 4.0 [136].
(b) The structures of the primary guest-hosting pore of ZIF-7-I (left) and ZIF-7-II
(right) with free internal pores. Zn: orange; N: blue; C: green; H: silver.
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Fig. 3.16 The SEM image of a ZIF-7-II sample.
3.4 ZIF-7-I and ZIF-7-II to ZIF-7-III irreversible
phase transition
The third phase of ZIF-7, ZIF-7-III, was produced by a slurry experiment after leaving
ZIF-7-II in water at room temperature for one week. Noticeably ZIF-7-I can also
transform irreversibly to ZIF-7-III on heating to 400 K after DMF is exchanged with
water. ZIF-7-III was first discovered by Yang et al. in 2008 and has a (4,4) square
planar grid structure formed by quadruply-linked vertex-sharing Zn(bIm)4 tetrahedra
[137] (Figure 3.17). ZIF-7-III is stable in DMF with no transition observed back
to ZIF-7-I or ZIF-7-II. Selective hydrolysis of Zn–N bonds in the ZIF-7 3D network
structure may be the primary cause of the formation of the more thermodynamically
stable, dense phase, ZIF-7-III. ZIF-7-III is the densest of the three ZIF-7 phases; it
has an even greater density than the densest yet-reported ZIF, ZIF-zni (Zn(Im)2, Im
= imidazolate, C3H3N–2) [138]. The packing density of ZIFs may play an important
role in the stability of these materials.
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Fig. 3.17 The crystal structure of ZIF-7-III. Zn: orange; N: blue; C: green; H: silver.
Fig. 3.18 The SEM image of a ZIF-7-III sample.
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Fig. 3.19 PXRD data revealing the ZIF-7-I and ZIF-7-II to ZIF-7-III irreversible phase
transition. Data intensities have been normalised separately in each diffraction pat-
tern.
3.4 ZIF-7-I and ZIF-7-II to ZIF-7-III irreversible phase transition 56
Fig. 3.20 The simulated and experimental PXRD patterns of ZIF-7-III (left) and
{[Zn2(bIm)3(OH)(H2O)] · (DMF)(H2O)3}∞ (right) (solvothermal synthesis). Strong
preferred orientation caused by the layer structures accounts for the big differences
between the intensities of the simulated and experimental data.
ZIF-7-III can be produced from solvothermal and mechanical synthesis. Other
than the method provided by Yang et al., a solvothermal synthesis method very sim-
ilar with that of ZIF-7-I (Chapter 2) was used for ZIF-7-III: The DMF (75 ml) so-
lution of Zn(NO3)2 · 6H2O (0.75 g, 2.52 mmol) and HbIm (0.25 g, 2.05 mmol) was
sealed into a 100 ml teflon-lined stainless steel autoclave and heated at 373 K for 48
h. After naturally cooling to room temperature, white platy crystals were isolated
after the mother liquor was removed. The average yield was around 0.34 g (97%
based on HbIm). This procedure is very unstable and difficult to repeat. For ex-
ample, ZIF-7-I can be occasionally obtained and a compound with chemical formula
of {[Zn2(bIm)3(OH)(H2O)] · (DMF)(H2O)3}∞ can also be produced. This compound
was discovered by Xu et al. in 2005 [139] and has a 2D layer structure similar to that
of ZIF-7-III, formed by networks of triply-linked vertex-sharing Zn(bIm)4 tetrahedra,
with hydroxyl and water molecules inserted.
ZIF-7-III can also be obtained by mechanosynthesis. By controlling the reaction
conditions, one can easily derive the mechanosynthesis method from the one for ZIF-
7-I. A mixture of Zn(NO3)2 · 6H2O (88.50 mg, 0.30 mmol), HbIm (71.45 mg, 0.60
mmol) and NaHCO3 (47.38 mg, 0.56 mmol) was used for neat grinding for 60 min
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Fig. 3.21 The simulated and experimental PXRD patterns of ZIF-7-III (mechanosyn-
thesis).
at 30 Hz. The product was washed with water to get rid of remaining NaHCO3 and
sodium nitrate (NaNO3). A white powdery product was obtained for characterisation.
ZIF-7-III can also be easily produced by manually LAG. Zn(NO3)2 · 6H2O (84.00 mg,
0.28 mmol), HbIm (69.00 mg, 0.58 mmol) and NaHCO3 (48.40 mg, 0.58 mmol) were
mixed in an agate mortar. The reagents were then manually ground under EtOH for
10 min. After two days drying in air, the product was washed with water. It is worth
mentioning that water used here did not change the structure of the final product
(Figure 3.21).
Using Co(II) as metal source, a new dense phase of ZIF-9, ZIF-9-III, can also be
produced by mechanosynthesis method. Cobalt sulfate heptahydrate (CoSO4 · 7H2O,
70.70 mg, 0.25 mmol), HbIm (59.30 mg, 0.50 mmol) and NaHCO3 (42.90 mg, 0.51
mmol) were mixed in an agate mortar and then manually ground under EtOH for 10
min. After two days drying in air, the product was washed with water to get rid of
remaining NaHCO3 and Na2SO4. A purple powdery product was obtained for charac-
terisation. To solve the ZIF-9-III crystal structure, PXRD data were collected using
the Bruker D8 Advance X-ray diffractometer described in Chapter 2. The sample was
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Fig. 3.22 The observed and calculated PXRD patterns of ZIF-9-III.
deposited on a greased low-background sample holder. Diffraction data were collected
at room temperature in the range of 6 – 50◦ (2θ), in θ:2θ mode and step-scan with
∆2θ = 0.03◦, for 15 s per step. The ZIF-7-III crystal structure was used as a starting
model for the isomorphous ZIF-9-III structural refinement. The background and the
peak shape were modeled with a 7-term shifted Chebyshev and a pseudo-Voigt func-
tion respectively. Spherical harmonics were used for preferred orientation correction.
bIm ligands were treated as rigid bodies to reduce the number of variables. Single
isotropic atomic displacement parameters were set for the ligands and cobalt element
respectively. The crystal data of ZIF-9-III structure are shown in Table 3.4. A CIF
file containing structure details has been deposited in the Cambridge Crystallographic
Data Centre: CCDC 988184. It can also be found in the CD attached to this disser-
tation, along with the script file of the Rietveld refinement and the experimental data
file.
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Fig. 3.23 The crystal structure of ZIF-9-III. Co: pink; N: blue; C: green; H: silver.
Table 3.4 The crystal data and structure refinement of ZIF-9-III.
Chemical formula C14H10N4Co
Formula weight 293.2
Temperature 300 K
Wavelength 1.5406 Å
Crystal system Monoclinic
Space group C2/c
Unit cell parameters a = 16.106(1) Å
b = 16.045(10) Å β = 96.62(6)◦
c = 19.51(1) Å
Volume 5009(6) Å3
Z 4
Z ’ 4
Density 1.555 Mg·m−3
2θ range for data collection 5 – 60◦
Index range (2θ) 5 – 60◦
Refinement method Rietveld refinement method
Rwp 20.20%
Rbragg 5.29%
Chi2 1.147
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3.5 Conclusions
This chapter describes the influences from desolvation and water on the structure of
ZIF-7 at elevated temperature (Figure 3.24). The unknown ZIF-7-II phase previously
discovered in CO2 adsorption experiment was found during desolvation and its struc-
ture has been solved. The “gate-opening” behaviour of the primary guest-hosting
pore of ZIF-7 is visualised for the first time. A nonporous phase, ZIF-7-III, has been
identified, highlighting the water instability of ZIF-7. ZIF-7-III is the densest ZIF yet
reported. Together with its cobalt-substituted equivalent ZIF-9-III, ZIF-7-III can be
produced by mechanosynthesis. Results in this chapter greatly advance our under-
standing of ZIF-7 structures, and build a solid foundation for all discussions in later
chapters.
Fig. 3.24 Phase transitions in ZIF-7 induced by desolvation and water.
Chapter 4
CO2 adsorption geometry
In this chapter, the crystal structures of deuterated ZIF-7 (D-ZIF-7) under various
CO2 pressures are studied by high-resolution neutron powder diffraction. The CO2
adsorption geometry is visualised and the preferred CO2 adsorption site is found to
be different from the primary guest-hosting pore of ZIF-7. The rotation of bIm lig-
ands upon CO2 loading leads to the cooperative CO2 adsorption and “gate-opening”
phenomenon in the primary guest-hosting pore. The results also highlight the impor-
tance of pressure on the CO2 adsorption and the related structural responses of ZIF-7.
Many of the results and conclusions of this chapter have been published as a paper in
Journal of Materials Chemistry A [99].
4.1 Introduction
In Chapter 3, the reversible phase transition in ZIF-7 seen during its CO2 adsorption
processes at room temperature was explained. Experimental data indicate that bIm
ligands have exceptional high flexibility in respect of rotational motion and may play
a very important role in the unique CO2 adsorption behaviour of ZIF-7. To develop
a better understanding of the CO2 adsorption process in ZIF-7, and the functionality
of bIm ligands, this chapter elucidates the CO2 adsorption geometry in D-ZIF-7 by
direct crystal structural study using neutron powder diffraction. Justification of the
choice of methodology is given in Chapter 2. Small differences between the behaviour
of hydrogenous and deuterated ZIF-7 are not significant within the framework of this
study.
There have been a few neutron powder diffraction studies reported for the determi-
nation of H2 [140] and CH4 [141] locations in ZIF-8. Studying CO2 positions in ZIFs is
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more difficult however, since the neutron scattering length of CO2 molecules is smaller
than that of hydrogenous species. Only simulations based on adsorption isotherms
have been conducted [44, 142, 143]. Although the use of neutron powder diffraction to
study CO2 locations has been shown possible for some typical MOFs, e.g.Mg-MOF-74
and HKUST-1 [144], in general such methods have only been infrequently used in the
investigation of the structure of MOF-CO2 systems [5]. This is understandable given
the resolution limitations of many neutron instruments coupled to the low symmetry
of many MOFs. Neutron methods also demand relatively large quantities of expensive
deuterated samples (normally above 1 g), and accessing neutron facilities is relatively
difficult. In this chapter, I demonstrate that it is possible to detect CO2 locations
in ZIF-7 by high-resolution neutron powder diffraction when a reasonable quantity of
sample is used.
4.2 Methodology
4.2.1 Synthesis and characterisation of D-ZIF-7
The synthesis procedure of D-ZIF-7 used here is based on that of ZIF-7. The DMF
(75 ml) solution of Zn(NO3)2 · 6H2O (0.75 g, 2.52 mmol) and benzimidazole-4,5,6,7-d4
(HbIm-d4, 0.25 g, 2.05 mmol, Qmx Laboratories) was sealed into a 100 ml teflon-lined
stainless steel autoclave. A small amount of previously-synthesised hydrogenous ZIF-7
sample was added into the reaction solution as a seed crystal, before the autoclave
was heated at 373 K for 48 h. After cooling to room temperature, white platy crystals
were isolated after the mother liquor was removed. The yield was 0.14 g, 40% based on
HbIm-d4. The product was then exchanged with MeOH (for 24 h at room temperature)
and deuterium oxide (D2O, for 48 h at room temperature). The D-ZIF-7 sample was
finally obtained after being dried under vacuum.
The D-ZIF-7 crystal structure was confirmed by PXRD using a flat glass-plate
sample holder on a laboratory PANalytical X’Pert Pro diffractometer equipped with
an X’Celerator RTMS detector and Ni-filtered CuKα radiation (λ = 1.5418 Å). The
generator was operated at 40 kV and 40 mA. Diffraction data were collected at room
temperature in the range of 5 – 40◦(2θ), in θ:2θ mode and step-scan with ∆2θ = 0.02◦,
for 0.3 s per step.
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Fig. 4.1 The simulated and experimental PXRD patterns of D-ZIF-7. Right: the
D-ZIF-7 sample.
4.2.2 Neutron powder diffraction
Neutron powder diffraction measurements of the D-ZIF-7 crystal structure were per-
formed under pCO2 = 0, 50, 100, 200 kPa at 300 K using the high-resolution neutron
powder diffractometer D2B in the Institut Laue-Langevin, Grenoble, France (Figure
4.2). The 2D multi-detector of D2B has a detection width of 147.5◦(2θ) and a maxi-
mum detection range of 160◦(2θ). The width of the detector window is 1.25◦. It has
relatively high resolution for a neutron diffractometer with ∆d/d = 5×10−4. Before
the experiment, the D-ZIF-7 sample was gently ground in an agate mortar and de-
posited into an aluminum cylinder sample holder with glass wool on top. The sample
holder was then fitted into the gas injection system in the beamline. Before data
collection, the sample chamber was first equilibrated to 300 K and kept under vacuum
for 6 h. The temperature was then raised to 393 K at a rate of 1 K·min−1. The sample
chamber remained at 393 K for 2 h, in order to remove as much guest molecules in
the D-ZIF-7 structure as possible. After the sample chamber was cooled to 300 K at a
speed of 1K·min−1, the neutron diffraction data of the D-ZIF-7 sample were collected
in the range of 0 – 160◦(2θ) with ∆2θ = 0.05◦ for 12 h. The incident beam wavelength
λ was 1.5946 Å. CO2 was then loaded into the sample chamber by gas injection to
reach the pressures of 50, 100 and 200 kPa after 30 min equilibration. The neutron
diffraction data of the D-ZIF-7 sample under each CO2 pressure were collected for 12
h respectively. The CO2 pressure was reduced to 100 kPa afterwards and the neutron
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diffraction data of the D-ZIF-7 sample were collected for 12 h with the incident beam
wavelength λ = 2.3909 Å. Diffraction data collected in the centre area of the 2D detec-
tor were integrated to generate the high-resolution diffraction pattern. The neutron
diffraction data of the aluminum sample holder was collected at 300 K after removing
the D-ZIF-7 sample, in order to correct for the strong aluminum peaks in the neutron
diffraction patterns of D-ZIF-7.
Fig. 4.2 Experiment at D2B. Top left: beamline D2B. Top right: Institut Laue-
Langevin (ILL) and European Synchrotron Radiation Facility (ESRF). Bottom: the
layout of D2B, photo source: ILL website.
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4.2.3 Guest molecules left in the sample
After the neutron powder diffraction experiment, the structure of the D-ZIF-7 sample
was examined by PXRD using the instrument described in Chapter 2 (Figure 4.3). The
majority of the sample remained in its original crystal structure, indicating that some
guest molecules were left in the host structure, in accordance with the findings given
in Chapter 3. It can also be seen that a minute quantity of D-ZIF-7-III was produced.
Recalling the phase transition triangle given in Figure 3.24, one may understand that
the formation of D-ZIF-7-III is due to a small amount of D2O that remained in the D-
ZIF-7 sample (post-synthetic treatment). Before neutron data collection, the D-ZIF-7
sample was heated at 393 K under vacuum for a relatively short period of time (2 h):
a small fraction of D-ZIF-7 transformed to D-ZIF-7-III irreversibly.
After being dried for a very long time (2 years), the D-ZIF-7 sample was examined
by TG-IR to reveal the chemical composition of any guest molecule left in the structure
and to analyse its content. The experiment was conducted using the instrument
described in Chapter 3. The guest molecules released were analysed by FT-IR and were
found to be DMF (Figure 4.4). After the thermal analysis, the crystal structure of the
D-ZIF-7 sample was tested by PXRD. It was shown to be mainly in D-ZIF-7-II phase
Fig. 4.3 Examination of D-ZIF-7 structure after neutron diffraction experiment. The
PXRD peak from D-ZIF-7-III in the post-experiment sample is circled.
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Fig. 4.4 The IR spectrum of the gas released by D-ZIF-7 sample, compared with the
IR spectrum of DMF gas (NIST Standard Reference Database 69: NIST Chemistry
WebBook).
(Figure 4.5). From the TG curves of D-ZIF-7 and freshly-synthesised ZIF-7 (Figure
4.6), their chemical formula are determined to be D-ZIF-7 (0.4 DMF) and ZIF-7 (0.6
DMF), respectively. This shows that part of DMF guest molecules had been removed
from D-ZIF-7 structure before neutron diffraction data collection, which allowed the
material to stay in the D-ZIF-7-I phase while emptying out some pore space for CO2
adsorption. The TG-IR results also imply that D2O only remains on the surface of
the D-ZIF-7 sample. It appears to have hydrolysed a limited quantity of Zn–N bonds
before being released.
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Fig. 4.5 The PXRD of D-ZIF-7 sample after thermal analysis. The diffraction peak
from D-ZIF-7-III is indicated by *. Data intensities have been normalised separately
in each diffraction pattern.
Fig. 4.6 The TG and DSC traces of D-ZIF-7 and as-synthesised ZIF-7.
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4.3 Results
4.3.1 Rietveld refinement of the crystal structure of CO2-free
D-ZIF-7
The crystal structure of CO2-free D-ZIF-7 was refined by Rietveld method [105, 106]
based on the data collected under vacuum in the 2θ range of 6 – 100◦. The refinement
was conducted using TOPAS-Academic 4.1 [107] with the crystallographic model given
by Yaghi et al. as the starting model (H was replaced by D where needed, guest
molecules were removed from the model) [29]. The background was described by
an 8-term shifted Chebyschev function after a manual constant subtraction in order
to minimise its influence on the refinement. The diffraction peaks of the aluminum
sample holder were excluded from the refinement. The peak shape was modeled with
a pseudo-Voigt function (TCHZ type). Spherical harmonics were used for preferred
orientation correction. The bIm-d4 (benzimidazolate-4,5,6,7-d4) ligands were treated
as rigid bodies using Cartesian coordinates to reduce the number of variables. Dummy
atoms were added to define the origins of rigid bodies. Distance and angle restraints
were set between zinc and the coordinating nitrogen atoms with reasonable weight
factors. One single isotropic atomic displacement parameter was set for each element.
A Rietveld refinement trial based on the ZIF-7 model given by Huang et al. was also
performed [30]. The background was described by a 10-term shifted Chebyschev func-
tion after being reduced. The peak shape was modeled with a pseudo-Voigt function
described by the CS_G parameter for purely Gaussian-type crystallite size broaden-
ing. Spherical harmonics were used for preferred orientation correction. The bIm-d4
ligands were treated as rigid bodies using Z-matrix where each atom was described
in terms of its atomic number, bond length, bond angle and dihedral angle. Dummy
atoms in special positions with respect to the symmetry elements were added for rigid
body definition. Distance and angle restraints were set between zinc and the coor-
dinating nitrogen atoms with reasonable weight factors. One single isotropic atomic
displacement parameter was set for each element. The resulting structure is close to
the D-ZIF-7 structure obtained from the Rietveld refinement based on the model given
by Yaghi et al. The D-ZIF-7 model derived from Yaghi’s model was selected for later
discussion because it showed a superior fit to the neutron data.
In order to determine the position of DMF molecule in the structure, I used GSAS
[145, 146] to generate a Fourier difference map between the observed and calculated
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Table 4.1 Fourier peaks for the determination of DMF position in CO2-free D-ZIF-7.
Neutron scattering
density [a.u.]
x y z
1 0.175 -0.0016 0.7103 0.4743
2 0.174 0.0000 0.0000 0.0000
3 0.174 0.3333 0.6667 0.6667
Fig. 4.7 The observed and calculated neutron diffraction patterns of CO2-free D-ZIF-7.
scattering data. The structure of CO2-free D-ZIF-7 obtained above was used and no
structural parameter was refined. The background was described by an 8-term shifted
Chebyschev function after a manual constant subtraction. The diffraction peaks of the
aluminum sample holder were excluded. The peak shape was modeled with a pseudo-
Voigt function (type IV). Spherical harmonics were used for preferred orientation
correction. Three Fourier difference peaks were found (Table 4.1). The first peak
indicates a location very close to the bIm ligand, which could be due to the dislocation
of the ligand in the calculated structure. The other two, however, correspond to the
centre of the primary guest-hosting pore, indicating that the DMF molecule should
present here. DMF molecule was added to the CO2-free D-ZIF-7 structure to improve
the Rietveld refinement using TOPAS-Academic 4.1 [107]. It was defined as a rigid
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body described by Z-matrix with atomic displacement parameters and occupancy of
all atoms constrained. A CIF file containing the crystallographic details can be found
in the CD attached to this dissertation, along with the script file of the Rietveld
refinement and the experimental data file.
4.3.2 The structures of D-ZIF-7 (CO2) under pCO2 = 50,
100, 200 kPa
The determination of CO2 locations in the D-ZIF-7 (CO2) structure under pCO2 =
50 kPa was also carried out by inspecting the Fourier difference map generated by
GSAS [145, 146]. CO2-free D-ZIF-7 structure was used and no structural parame-
ter was refined. DMF molecule was excluded. The background was described by
an 8-term shifted Chebyschev function after a manual constant subtraction. The
diffraction peaks of the aluminum sample holder were excluded. The peak shape was
modeled with a pseudo-Voigt function (type IV). Spherical harmonics were used for
preferred orientation correction. Ten Fourier difference peaks were found with the
highest intensities (Table 4.2). The first two peaks correspond to the location of DMF
molecule whereas the remaining eight may indicate the location of adsorbed CO2.
Each of the eight positions was treated as a single CO2 molecule and added to the
CO2-free D-ZIF-7 structure for Rietveld refinement using TOPAS-Academic 4.1. The
CO2 molecule was defined as a rigid body described by Z-matrix with O–C–O angle
limited to the range of 140 – 180◦ and atomic displacement parameters, occupancy
of C and O atoms constrained. Distance and “anti-bump” restraints were used as
Table 4.2 Fourier peaks for the determination of CO2 positions in D-ZIF-7 (CO2).
Neutron scattering
density [a.u.]
x y z
1 0.310 0.0000 0.0000 0.0000
2 0.310 0.3333 0.6667 0.6667
3 0.165 0.0169 0.7861 0.2798
4 0.161 0.0224 0.2744 0.4610
5 0.160 0.0422 0.5679 0.6735
6 0.155 0.0866 0.8968 0.8866
7 0.151 0.0163 0.7169 0.0721
8 0.145 0.0149 0.9762 0.9191
9 0.145 0.0596 0.1726 0.0263
10 0.144 0.0088 0.7905 0.1028
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Fig. 4.8 The observed and calculated neutron diffraction patterns of D-ZIF-7 (pCO2
= 50 kPa).
needed between the CO2 molecule and D-ZIF-7 structure. Based on the energies of
eight resulting structures calculated by density functional theory (DFT) method1, two
CO2 adsorption sites were selected for further refinement.
Starting from the refined D-ZIF-7 (CO2) structure (pCO2 = 50 kPa), the deter-
mination of the configuration of D-ZIF-7 under pCO2 = 100 kPa was carried out by
a combined Rietveld refinement on two neutron diffraction datasets obtained using
different incident beam wavelengths λ = 1.5946 and 2.3909 Å. The resulting structure
was then used as the starting model in the Rietveld refinement for the determination
of the atomic positions in D-ZIF-7 (CO2) structure (pCO2 = 200 kPa). The Rietveld
refinement results are listed in Table 4.3. Since diffraction peaks predominantly ap-
pear at 2θ below 60◦, only data collected at 2θ = 6 – 60◦ are shown in Figure 4.8 –
4.10. The resulting structures can be found in the CD attached to this dissertation,
along with the script files of the Rietveld refinement and the experimental data files.
1Data source: Mr. Rajkrishna Dutta
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Fig. 4.9 The observed and calculated neutron diffraction patterns of D-ZIF-7 (pCO2
= 100 kPa).
Fig. 4.10 The observed and calculated neutron diffraction patterns of D-ZIF-7 (pCO2
= 200 kPa).
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Table 4.3 The Rietveld refinement results.
pCO2 [kPa] 0 50 100 200
Rwp [%] 13.90 14.89 10.56 22.15
Chi2 0.912 0.915 0.742 1.393
Fig. 4.11 The crystal structure of D-ZIF-7 (CO2) at pCO2 = 50 kPa. DMF molecule
in pore A is removed for a clear view of CO2 molecules. Zn: orange; N: blue; C: green;
H/D: silver. CO2: C in pore A yellow, in pore B purple; O, red.
4.4 Discussion
4.4.1 CO2 adsorption site preference
Two CO2 adsorption sites in D-ZIF-7 are suggested by the refinement results. Both of
them reside in the small pores formed by bIm-d4 ligands in the six-membered rings of
zinc atoms (Figure 4.11). Here, the hosting pores are designated A and B. Pore A has
the largest void in D-ZIF-7 and was previously proposed as the primary guest-hosting
pore [40]. The zinc ring plane in pore A is perpendicular to the 3-fold inversion axis
and the bIm-d4 ligands point towards the axis to form a rhombohedral cage. Pore B,
on the other hand, has lower point symmetry and is open. Comparing it with pore
A, one notes that the two opposing bIm-d4 ligands in pore B point away from the
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Table 4.4 Physical data of D-ZIF-7 (CO2) structures under various CO2 pressures.
pCO2 [kPa] 0 50 100 200
CO2 occupancy Pore A 0 0.24(3) 0.26(2) 0.25(4)
Pore B 0 0.55(3) 0.68(2) 0.68(4)
a = b [Å] 22.94(0) 23.01(0) 22.93(0) 22.95(0)
c [Å] 15.75(0) 15.76(0) 15.67(1) 15.71(1)
V [Å3] 7178(3) 7224(4) 7137(6) 7165(4)
pore axis and the six-membered ring formed by zinc atoms is distorted. The Wyckoff
multiplicities of cavities A and B in D-ZIF-7 structure are 6 and 18, respectively.
The occupancy of CO2 molecules in pore A and B are listed in Table 4.4. It
is clear that, along with the increase of pressure, CO2 molecules tend to aggregate
in pore B. Although this CO2 adsorption site preference could be partly due to the
presence of DMF molecule in pore A, it is in good agreement with recent simulation
results from Morris et al. [44]. Simulated binding energies indicate pore B is more
energetically favourable than pore A for CO2 adsorption. Such adsorption preference
can be understood by comparing the geometries of pore A and B. Since pore B is
relatively open, it accommodates guest incorporation and transportation more readily.
The bIm-d4 ligands with benzene rings pointing away from the pore axis form a large
channel with a diameter of 5 – 6 Å for CO2 adsorption. The existence of pore B in
ZIF-7 for guest incorporation can also be used to explain its ability to adsorb large
hydrocarbon molecules with kinetic diameters up to 4.8 Å (Table 1.3). In Chapter 5,
the tendency for CO2 entering ZIF-7 structure through pore B will be demonstrated
by its anomalous fast diffusion. On the other hand, the diameter of the largest guest-
accessible window in pore A is around 3 Å. Considering the kinetic diameter of CO2
(3.3 Å) [3], it is very difficult for CO2 to enter into pore A via this window if the
structure is static. Examining D-ZIF-7 (CO2) structures at pCO2 = 0, 50 and 100
kPa (Figure 4.12), one notices that when CO2 pressure increases, the bIm-d4 ligands of
pore A and B rotate to open up both pores for CO2 adsorption. The dynamic rotation
of the bIm-d4 ligands therefore makes it reasonable that pore A has some adsorption
capacity.
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(a) (b) (c)
Fig. 4.12 Dynamic structural behaviours of pore A (top) and B (bottom) in D-ZIF-7
at pCO2 = (a) 0 (red) to 50 (yellow); (b) 50 to 100 (blue); (c) 100 to 200 (cyan) kPa.
4.4 Discussion 76
4.4.2 Pressure influence
At higher CO2 pressure, i.e. from pCO2 = 100 to 200 kPa, the influence of pressure on
the CO2 adsorption and structural behaviour of D-ZIF-7 becomes crucial. Figure 4.12
(c) clearly shows that in this pressure regime pore A is squeezed by external pressure
instead of continuing to open up for CO2 adsorption. At pore B, the zinc six-membered
ring becomes less distorted and ligands move in the opposite sense compared to that
seen upon pressure change from 50 to 100 kPa. The total CO2 uptake hardly increases
any further. This suggests that the deformation of both pores by increasing pressure
inhibits further CO2 adsorption.
4.4.3 An explanation for the step-shape of ZIF-7 CO2 adsorption
isotherm
Now I discuss the CO2 adsorption isotherm of ZIF-7 (Figure 4.13). Although in the
Fig. 4.13 CO2 adsorption isotherms of ZIF-7 at 195 and 298 K, illustrated by the
structural behaviours of ZIF-7. Zn: orange; N: blue; C: green; H: silver. CO2: C,
grey; O, red.
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Fig. 4.14 The structures of pore B in ZIF-7-I (top) and ZIF-7-II (bottom).
neutron diffraction experiment I was not able to reproduce the CO2 adsorption process
in the isotherm measurement because I used a DMF-bearing D-ZIF-7-I sample rather
than a guest-free D-ZIF-7-II sample, an explanation of the step-shape of the isotherm
can still be made based on the conclusions resulting from the diffraction experiment.
In the isotherm measurement, at low CO2 pressure, the sample was in ZIF-7-II phase.
The structures of pore B in ZIF-7-I and ZIF-7-II phases are almost identical (Figure
4.14), thus it is possible that at this stage CO2 molecules were mainly adsorbed in
pore B of the sample. Upon the increase of CO2 pressure, the bIm ligands in pore B
rotated responsively to increase pore space and probably also to induce some changes
in the electrostatic field of the pore to increase CO2 affinity. The bIm linker rotation
eventually led to the ZIF-7-II to ZIF-7-I phase transition when the thermodynamic
equilibrium of ZIF-7 (CO2) system is broken. During the phase transition, changes
in the dynamics of bIm ligands probably enhanced the CO2 accessibility of pore A.
Differences between the vibrational modes of ZIF-7-I and ZIF-7-II have been shown in
the Raman study in Chapter 3 and will be further explored in Chapter 5. As a result,
a considerable number of CO2 molecules entered pore A in the narrow pressure range
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where the ZIF-7-II to ZIF-7-I phase transition took place [42]. Pore A has the largest
void space in ZIF-7-I structure, which accounts for the sharp increase in CO2 uptake
seen in the adsorption isotherm. Although this hypothesis is yet to be examined by
future experimental and theoretical studies, it is by far the best explanation for the
existing observations for CO2 adsorption in ZIF-7.
4.5 Conclusions
In summary, from high-resolution neutron powder diffraction, the CO2 adsorption
geometry and site preference in ZIF-7 have been determined. The results illustrate
the importance of bIm linker rotation in controlling the CO2 adsorption and struc-
tural flexibility of ZIF-7. The preferred CO2 adsorption site is indicated to be a
geometrically-open pore defined by the arrangement of the bIm linkers. bIm ligands
rotate responsively upon CO2 loading, which leads to the “gate-opening” phenomenon
in the primary guest-hosting pore. The cooperative CO2 adsorption in the same pore
takes place in the “gate-opening” process. Results also reveal the influence of pressure
on ZIF-7 CO2 adsorption. It is found to depend upon a balance between the internal
pressure of the guest molecules and the external gas pressure imposed at the higher
range of pressures applied. The pressure-dependent structural behaviour of ZIF-7 will
be further explored in Chapter 6 where different externally-imposed pressures are ap-
plied by a variety of guest molecules and pressure-transmitting media in the diamond
anvil cell.
Chapter 5
Dynamics of ZIF-7 (CO2)
This chapter describes the investigations of the dynamics of ZIF-7 (CO2) system. In
the first part, CO2 transport diffusion in ZIF-7 is discussed. Results from quasi-elastic
neutron scattering (QENS) show that CO2 molecules diffuse anomalously fast in the
framework. This backs up the results for CO2 adsorption site preference given in Chap-
ter 4. The second part of this chapter describes an inelastic neutron scattering (INS)
study of the changes in ZIF-7 vibrational modes during CO2 adsorption. Preliminary
interpretation of the data provides important evidence for future theoretical studies
on the responses of ZIF-7 structure to CO2 uptake. The weak interactions between
ZIF-7 and H2 have also been studied by INS. Results indicate that bIm ligands have
a dominant role in controlling the H2 affinity of ZIF-7.
5.1 CO2 transport diffusion
5.1.1 Background
In realistic CO2 capture applications, the selectivity of an adsorbent depends on a
combination of its adsorptive and diffusive selectivities. CO2 adsorption by ZIF-7 has
received considerable attention, as described in previous chapters. In an attempt to
address our understanding of the high CO2 selectivity of ZIF-7, a study of CO2 trans-
port diffusion in the material is described here. A few theoretical studies have been
conducted to interpret the CO2 diffusive behaviours in the intracrystalline micropores
of some ZIFs.1 Back in 2009, Liu et al. [143] and Sirjoosingh et al. [147] predicted the
self diffusivities of CO2 in ZIF-68 and ZIF-69. Later self and transport diffusivities
1See Table 1.1 for chemical formulae and topologies.
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of CO2 in ZIF-68 and ZIF-70 were studied by Johnson et al. [148, 149]. Following
earlier success in calculating CO2 diffusivities in complex ZIFs, Battisti et al. exam-
ined the self diffusion of several gases including CO2 in classic ZIF-2 to ZIF-10 [150].
CO2 self and transport diffusivities in ZIF-8 were later reassessed by Pantatosaki et
al. [151]. It is worth noting that self diffusion often describes the displacement of in-
dividual molecules, whereas transport diffusion corresponds to collective motion and
reflects the mass transport induced by CO2 concentration gradients under nonequilib-
rium conditions. Transport diffusion is the more important process when it comes to
understanding the diffusion selectivity of an adsorbent.
There are, unfortunately, far fewer experimental data to support the computer sim-
ulation results. Most experimental studies have focused on ZIF-8. Measurement meth-
ods reported include pulsed field gradient nuclear magnetic resonance (PFG NMR)
[152], infrared microscopy (IRM) [153, 154], membrane permeation and kinetic uptake
rate measurements [155]. However, because the length scale and time of observa-
tion vary in these methods, there has been significant amount of discussion of the
reliability of using them to predict the diffusive behaviours of gas molecules inside
porous materials [156]. Since the space and time scales of neutron scattering closely
match those of molecular dynamics (MD) simulations, quasi-elastic neutron scatter-
ing (QENS) is a very effective method for carrying out diffusivity measurement [157].
Good agreement is often found between experimental and theoretical results. Sample
dependence, due to factors such as surface barriers and structural defects, can be elim-
inated. In recent years, Maurin et al. have conducted several studies using coherent
QENS to determine the transport diffusive properties of CO2 in typical MOFs such
as UiO-66(Zr) (Zr6O4(OH)4(bdc)12) [158, 159], MIL-47(V) (VO(bdc)) [160, 161] and
MIL-53(Cr) [162]. Following their method, here, CO2 transport diffusivity in ZIF-7
is measured by carrying out a series of coherent QENS experiments. These data help
provide a clearer view of the CO2 selectivity of ZIF-7.
5.1.2 Methodology
QENS experiments were conducted using the IRIS indirect geometry time-of-flight
(TOF) spectrometer at the ISIS pulsed spallation neutron source, Rutherford Appleton
Laboratory, Didcot, UK [163–165]. At IRIS, a hydrogen moderator maintained at 25
K is used at 36.41 m from the sample. Neutrons pass from the moderator to the sample
via a curved Ni-plated guide terminated by a 2.5 m Ni-Ti super-mirror focusing guide.
Two disc-choppers, at 6.3 m and 10 m from the moderator, are used to define the
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Fig. 5.1 Experiment at IRIS. Top: sample environment and working station (right-
most). Bottom: ISIS target station I, hall (left) and layout (right).
incident wavelength band. The beam size at the sample is 30 mm × 20 mm. The
intensity at the sample is around 1 × 107 n/cm2·s at 150 µA proton current. The
analysis of the neutron energy is achieved by the reflections from cooled pyrolytic
graphite crystal and two 51-element ZnS scintillation detectors (Ef = 1.845 meV).
Neutrons are detected over an angular range of 2θ = 25 – 160◦. The energy-transfer
range of IRIS is -0.4 to 0.4 meV (-3.22 to 3.22 cm−1) with an elastic-energy resolution
of 17.5 µeV. The Q range is 0.42 to 1.85 Å−1. IRIS is also built with long-wavelength
diffraction capability. The diffraction detectors comprise eight He3 tubes at 2θ ≈ 170◦.
The d-range is 1 to 12 Å with ∆d/d = 2.5 × 10−3. The instrumental resolution and
detector efficiencies were calibrated by measuring a vanadium standard.
A ZIF-7-II sample (ca. 4.6 g) was first prepared by heating as-synthesised ZIF-7
at 400 K in air for 24 h. It was then wrapped into two pieces of aluminum foil to
make a sample lining fitted into the annular space of an aluminum cylinder sample
cell (∅ 24/28 mm × h 65.6 mm). The thickness of the sample lining was about 2 mm.
Glass wool was placed in top of the cell. The cell was then sealed with indium and
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Fig. 5.2 A sketch of the experimental setting at IRIS and TOSCA.
connected to a gas handling system for volume calibration (Figure 5.2). The sample
was then evacuated to 10−5 Pa (room temperature) for 16 h to remove any remaining
trace guest molecules. The temperature of the sample was controlled by a helium
cryostat and thermocouples.
The QENS spectra of ZIF-7-II were first recorded. During cooling from 300 to 60
K and heating from 20 to 100 K and 250 to 275 K, every 20 K a quick measurement
was conducted using a total of 30 µA proton current at each accumulation. During
heating, at 15, 125, 150, 175, 200 and 225 K, long measurements with a total of 600 µA
proton current at each accumulation were performed. At 300 K, accumulated proton
current was 1146.8 µA. CO2 was then loaded into the sample cell at 300 ± 5 K. Three
loadings were performed to enable ZIF-7 to reach CO2 uptake of 0.30, 1.39 and 1.71
mmol·g−1. The chemical formulae of these three samples are ZIF-7 (0.1 CO2), ZIF-7
(0.4 CO2) and ZIF-7 (0.5 CO2) (1.5, 7.5 and 9.0 CO2 molecules per unit cell (u.c.),
respectively). After the first loading, during cooling from 300 to 20 K, every 20 K
a quick measurement was conducted with 30 µA proton current accumulation each.
Long measurements were then performed at 15, 50, 100, 150, 200 and 250 K during
heating with 600 µA proton current accumulation each. After the second loading,
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Table 5.1 A summary of QENS experiments.
CO2/u.c. CO2 uptake
[mmol·g−1]
Loading
T [K]
Final p
[kPa]
T of long QENS
measurement [K]
ZIF-7-II 0 0 N/A N/A 15, 125, 150, 175,
200, 225, 300
ZIF-7 (0.1 CO2) 1.5 0.30 300 46.32 15, 50, 100, 150,
200, 250
ZIF-7 (0.4 CO2) 7.5 1.39 300 99.92 15, 100, 125, 150,
175, 200, 225, 300
ZIF-7 (0.5 CO2) 9.0 1.71 300 44.46 15, 100, 200
during heating from 20 to 80 K and 250 to 275 K, every 20 K a quick measurement
was conducted with 30 µA proton current accumulation each. During heating at 15,
100, 125, 150, 175, 200, 225 and 300 K, long measurements were performed with 600
µA proton current accumulation each. After the third loading, during cooling from 295
to 55 K, every 40 K a quick measurement was conducted with 30 µA proton current
accumulation each. Long measurements were then performed at 15, 100 and 200 K
during heating with 600, 600 and 561.24 µA proton current accumulation respectively.
A summary of QENS experiments is presented in Table 5.1.
5.1.3 Results and discussion
TOF data were converted to energy transfer using the Mantid software suite [166–168].
First, the QENS spectra of ZIF-7-II at 15 – 300 K and ZIF-7 (CO2) at 15 K were fitted.
A delta function and a Lorentzian function were used to describe the elastic and quasi-
elastic scattering from the sample, respectively. They were convolved by the scattering
function of the vanadium standard, which is close to a Lorentzian function [167]. The
baseline was regarded as a straight line. Over the whole Q range, sequential fitting
was conducted. The QENS spectrum collected at Q = 0.44 Å−1 was manually fitted.
The starting functions used for fitting each following spectrum were the calculated
results from the previous spectrum in the sequence. Results show that broadenings
of these spectra with respect to the spectra of the vanadium standard are negligible,
suggesting at 15 – 300 K the dynamics of the ZIF-7-II structure does not contribute to
the QENS signal and CO2 was “frozen” in ZIF-7 at 15 K. In case the ZIF-7-II to ZIF-
7-I phase transition took place upon CO2 loading (Figure 5.3), I assume at 15 – 300
K the dynamics of the ZIF-7-I structure also does not contribute to the QENS signal.
Thus the broadenings of the QENS spectra of ZIF-7 (CO2) at temperatures higher
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Fig. 5.3 ZIF-7 CO2 uptake in neutron experiments compared with its CO2 adsorption
and desorption isotherms at 298 K.
1 Isotherms: solid line for adsorption and dash line for desorption.
2 On the isotherms: empty symbol for ZIF-7-II, plain symbol for ZIF-7-I and half
symbol for mixture (based on PXRD data in Figure 3.1 [42]).
3 Neutron data: red for QENS and blue for INS.
than 15 K predominantly reflect the coherent quasi-elastic scattering from CO2, which
gives information about the collective motion of the molecules. The contribution from
the vibrational and rotational motions of CO2 is negligible: the vibrational motion
only affect the measured intensity through a Debye-Waller factor. For a linear and
symmetrical molecule like CO2, the influence from the rotational motion is very small
in the QENS domain [169].
Here I only consider the collective translational motion of CO2. Over a small
Q range (i.e. large length scales), assuming CO2 diffusion is isotropic, the coherent
quasi-elastic scattering function has the form [169]:
SCoh(Q, ω) =
S(Q)
π
× DtQ
2
ω2 + (DtQ2)2
= S(Q)L (5.1)
where Dt is the transport diffusivity and L corresponds to a Lorentzian function. The
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half-width at half-maximum (HWHM) of L is the product of Dt and Q2:
HWHM = DtQ2 (5.2)
where HWHM is in s−1, Q is in m−1 and Dt is in m2·s−1. At larger Q values (i.e. over
smaller length scales), the relationship between HWHM and Q2 is no longer linear due
to elementary diffusive steps between adsorption sites [169]. In the case of incoherent
quasi-elastic scattering, which gives information about individual molecules, jump
diffusion models are often applied for further interpretation. However, for coherent
quasi-elastic scattering such analysis cannot be applied because of correlation factors
[170]. Since I am interested here in the long-range diffusion (i.e. small Q values),
the calculation of Dt is relatively simple. Fitting the measured data with Lorentzian
functions allows calculation of D at each Q, following Equation 5.2. By fitting D(Q)
with a polynomial function, Dt (Q = 0) can be determined [169].
The scattering function of the vanadium standard was used for convolution when I
fitted the QENS spectra of ZIF-7 (CO2). A delta function and a Lorentzian function
were used to describe the elastic and quasi-elastic scattering from the sample, respec-
tively. For the moment, analysable broadening was only found for the QENS spectra
of ZIF-7 (0.4 CO2) (7.5 CO2/u.c.) collected at 300 K (Figure 5.4). Dt is calculated
Fig. 5.4 Fitting of the QENS spectrum of ZIF-7 (0.4 CO2) at T = 300 K and Q =
0.44 Å−1. The contribution from elastic and quasi-elastic scattering is illustrated in
the enlarged figure on the right side.
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Fig. 5.5 D(Q) of ZIF-7 (0.4 CO2) at T = 300 K, fitted by a fifth-order polynomial
function.
to be 6.4(5)×10−9 m2·s−1 (Figure 5.5). Dt has a close relationship with corrected
diffusivity D0 which can be calculated by MD simulations [170]:
Dt = D0(
∂ ln p
∂ ln c ) (5.3)
where ∂ lnp/∂ lnc is the thermal dynamic factor and can be calculated directly from
the CO2 adsorption isotherm (Figure 5.3). c is CO2 uptake in mmol·g−1. At pCO2 =
99.92 kPa, ∂ lnp/∂ lnc = 5.8(3), D0 thus results in 1.1×10−9 m2·s−1. CO2 transport
diffusivity in zeolites usually ranges from 10−10 to 10−8 m2·s−1 [158, 171]. Dt of CO2
in ZIF-7 calculated here is comparable with those in zeolites.
Now the value of Dt and D0 of CO2 in ZIF-7 can be compared with data available
for several other MOFs (Table 5.2). It is surprising to see the big difference between
the CO2 transport and corrected diffusivities in ZIF-7 and ZIF-8. At 300 K, CO2
seems to have larger mobility in ZIF-7 than in ZIF-8, even though ZIF-8 has a simpler
and more open structure (Figure 5.6).
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Table 5.2 Dt and D0 of CO2 in various MOFs.
Material CO2/u.c. T [K] D [10−9 m2·s−1] Data type Ref.
ZIF-7 7.5 300 Dt: 6.4 this work
300 D0: 1.1 this work
ZIF-8 0 – 9 298 Dt: 0.1 – 0.7 IRM [153, 154]
0 – 10 303 Dt: 0.3 – 1.1 simulation [151]
308 D0: 0.1 – 0.4 kinetic uptake rate
measurement
[155]
ZIF-68 0 – 10 298 Dt: 0.1 – 2 simulation [149]
ZIF-70 0 – 10 298 Dt: 1.7 – 4.5 simulation [149]
MIL-47(V) 0 – 9 230 Dt: 7 – 28 QENS [160]
0 – 9 230 D0: 1 – 15 QENS [160]
MIL-53(Cr) 2 – 8 230 Dt: 15 – 40 QENS [162]
UiO-66(Zr) 5 – 40 230 Dt: 0.8 – 9.5 QENS [158]
5 – 40 230 D0: 0.2 – 0.6 QENS [158]
Fig. 5.6 The crystal structure of ZIF-8, showing its guest-hosting pore, Yaghi et al.,
2006 [29]. Zn: orange; N: blue; C: green; H: silver. Guest molecules are represented
by O atoms (red).
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This can be explained by the CO2 adsorption geometry in ZIF-7. As mentioned in
Chapter 4, CO2 is preferably adsorbed in a geometrically-open pore of ZIF-7 (Figure
4.11). The diameter of the window of the open pore is much larger than the kinetic
diameter of CO2 (5 – 6 Å vs. 3.3 Å). In contrast, the diameter of the window of ZIF-8
guest-hosting pore is comparable to the kinetic diameter of CO2 (3.4 Å [91] vs. 3.3
Å). Table 5.2 also indicates that CO2 transport diffusivity in ZIFs is generally low
compared with those found in some typical flexible MOFs such as MIL-47(V) and
MIL-53(Cr) (ca. 10−8 m2·s−1). This is likely due to the narrow windows of the CO2
accessible pores in ZIF materials.
It is worth noting that little QENS broadening was observed for ZIF-7 (0.1 CO2)
at 250 K and ZIF-7 (0.4 CO2) at 225 K, even though CO2 is expected to be in the
gas phase under these conditions. The reasons for this remain unclear. The lack of
diffusivity data between 200 and 300 K prevents calculation of the activation energy of
the CO2 diffusion process in ZIF-7 using the Arrhenius equation. Future studies should
focus on employing alternative experimental methods such as IRM to examine the
results obtained here, and on conducting MD simulations to investigate the structural
influence from ZIF-7-I and ZIF-7-II on the diffusive behaviour of CO2.
5.2 CO2 and H2 adsorption studied by inelastic
neutron scattering
5.2.1 Background
In Chapter 4, the difference between the vibrational modes of the bIm ligands in
ZIF-7-I and ZIF-7-II was proposed as a key factor that influences the CO2 accessibil-
ity of the primary guest-hosting pore of these two phases. Vibrational features are
commonly studied by optical spectroscopical techniques such as Raman and infrared
spectroscopy. Although cheap, readily-available and highly sensitive, these techniques
can only measure molecular and lattice dynamics at or very near the Brillouin zone
centre and are only sensitive to certain vibrational modes dependent on selection
rules, the strength of polarisability and polarisation interactions with the impinging
radiation. Inelastic neutron scattering (INS) is a highly quantitative spectroscopical
technique whose results are directly comparable to numerical calculation. Due to the
high H content of MOFs, it has been shown possible to simulate INS spectra for var-
ious MOFs and even to conduct indirect interpretation of the binding characteristics
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of CO2 [47]. Very recently, by applying ab initio DFT method, Ryder et al. managed
to model the INS spectrum of as-synthesised ZIF-7 [172]. Based on their results, here,
the changes in the vibrational modes of ZIF-7 upon CO2 adsorption are interpreted.
The discussion may be used to guide future theoretical studies gear towards developing
a full explanation of CO2 adsorption in ZIF-7. Besides, a few INS studies have been
conducted to understand the fine details of H2 adsorption in some MOFs [173, 174].
To understand the high CO2 selectivity of ZIF-7 over H2, an INS experiment was
performed to map the H2 binding configuration in ZIF-7.
5.2.2 Methodology
INS experiments were conducted using the TOSCA TOF spectrometer at the ISIS
pulsed spallation neutron source, Rutherford Appleton Laboratory, Didcot, UK [175,
176]. At TOSCA, the scattered neutrons are energy-analysed by means of Bragg
scattering from a graphite-analyser array. A water moderator at 300 K placed 1.5 cm
from the sample is used. The beam size at the sample is 40 mm × 40 mm. TOSCA
has a wide energy-transfer range of -2.5 to 1000 meV (-20 to 8050 cm−1) and a high
energy resolution of ca. 1% ∆E/E.
The sample environment at TOSCA is similar to that at IRIS (Figure 5.2). Before
collecting neutron scattering data, a ZIF-7-II sample (ca. 4.6 g) was wrapped into two
pieces of aluminum foil to make a sample lining for a stainless steel cylinder sample
cell (∅ 16 mm × h 76 mm). Glass wool was placed in top of the cell to prevent any
sample spillage during the experiment. The cell was then sealed and connected to a
gas handling system for volume calibration. The sample chamber was then evacuated
to 10−5 Pa (room temperature) for 16 h to remove any remaining trace guest molecules
from the sample. During data collection, the temperature of the sample was controlled
using a helium cryostat (7 ± 1 K) and was kept below 10 K to minimise the thermal
motion of ZIF-7, CO2 and H2. First, the INS spectra of ZIF-7-II were recorded. The
neutron intensity was accumulated to reach a total proton current of 3604 µA to get
analysable data. CO2 was then loaded into the sample cell at 303 K. The loading
temperature was selected to ensure that CO2 was present in the gas phase when not
adsorbed. It was also designed to ensure sufficient mobility of CO2 inside the crystal
structure of ZIF-7. Two loadings were performed corresponding to CO2 uptake of 1.20
and 1.47 mmol·g−1 in ZIF-7. The two samples are thereafter referred to as ZIF-7 (0.35
CO2) and ZIF-7 (0.45 CO2) (6.5 and 8.0 CO2 molecules per u.c., respectively). In
these two loadings, the final CO2 pressures in the system were 61.95 and 98.58 kPa.
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Fig. 5.7 Experiment at TOSCA. Top: sample environment. Bottom: working station
and gas panel (right-most).
Neutron intensities accumulated were equivalent to total proton currents of 3558.6
and 4948.9 µA. The gas handling system and the sample were heated back to 303 K
after data collection and were evacuated to 10−5 Pa for 3 h to remove all remaining
CO2 molecules. H2 was loaded into the sample cell at 43 and 77 K where H2 could be
adsorbed by ZIF-7. Two loadings were performed to enable ZIF-7 to reach H2 uptake
of 0.55 (77 K) and 0.77 (43 K) mmol·g−1. The two samples are referred to here as
ZIF-7 (0.15 H2) and ZIF-7 (0.25 H2) (3.0 and 4.0 H2 molecules per u.c., respectively).
In these two loadings, the final H2 pressures in the system were 73.16 and 95.62 kPa.
Neutron intensities accumulated were equivalent to total proton currents of 3063.5 and
3113.3 µA, respectively. A summary of the INS experiments is presented in Table 5.3.
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Table 5.3 A summary of INS experiments.
Guest/u.c. Gas uptake
[mmol·g−1]
Loading T
[K]
Final p
[kPa]
Total proton
current [µA]
ZIF-7-II 0 0 N/A 0 3604
ZIF-7 (0.35 CO2) 6.5 1.20 303 61.95 3558.6
ZIF-7 (0.45 CO2) 8.0 1.47 303 98.58 4948.9
ZIF-7 (0.15 H2) 3.0 0.55 77 73.16 3063.5
ZIF-7 (0.25 H2) 4.0 0.77 43 95.62 3113.3
5.2.3 Results and discussion
TOF data were converted to energy transfer using the ISIS Mantid data analysis suite
[166, 168] and then subtracted by the spectrum of the sample cell to obtain the INS
spectra of ZIF-7 (CO2/H2) and ZIF-7-II samples. The spectra of ZIF-7 (CO2) and
ZIF-7-II are first compared. Noticeable changes for a few peaks under 1050 cm−1 are
found (Figure 5.8 (a)). These peaks were fitted by Voigt functions using Igor Pro
6.22A (Appendix B) and assigned (Table 5.4) based on previous works [127, 128, 172]
and my own Raman data (Chapter 3).
Table 5.4 INS band assignment.
Wavenumber [cm−1] Band assignment
50 – 150 Zn ring deformation; bIm rotation
150 – 215 δ N–Zn–N; ν Zn–N
230 – 245 (doublet) δ2 bIm at C2–C6
270 – 290 ν Zn–N
290 – 330 τ bIm
415 – 435 (doublet) τ Bz (raised by C3–H & C7–H wagging)
460 – 464 δ Zn–N–C2/6
471 δ N–C2/6–C
550 τ Bz & Im
583 δ2 Bz C4–H & C5–H (wagging)
644 τ Im
744 – 747 δ2 Bz C–H
771 δ1 Bz & Im
844 – 847 δ2 Im C1–H
895 – 900 δ2 Bz C3–H, C4–H & C7–H
1003 – 1006 δ1 Bz C–H
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Fig. 5.8 (a) The INS spectra of ZIF-7 (CO2) and ZIF-7-II. Differences between ZIF-7
(CO2) and ZIF-7-II are shown at the bottom of the figure: ZIF-7 (CO2) subtracted by
ZIF-7-II. (b) The difference INS spectra between ZIF-7 (CO2) in two CO2 loadings:
ZIF-7 (0.45 CO2) subtracted by ZIF-7 (0.35 CO2).
1 ν: stretching; δ: bending (δ1: in-plane, δ2: out-of-plane); τ : torsion.
2 Bz: benzene ring; Im: imidazole ring. Inset shows the atom nomenclature used
for bIm ligand, H is omitted for clarity.
3 1 meV ≡ 8.05 cm−1.
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Fig. 5.9 The INS spectra of ZIF-7 (CO2) and ZIF-7-II between 15 and 145 cm−1.
The modification of INS spectra is largely induced by the ZIF-7-II to ZIF-7-I phase
transition. The contribution from CO2 appears to be very small. Low-energy peaks
below 215 cm−1 (Figure 5.9) are predominantly associated with the deformation of
the zinc ring and the bIm linker rotation previously described in Chapter 4. It is clear
that after the first CO2 loading, the phase transition from ZIF-7-II to ZIF-7-I had
already taken place and there is no obvious structural difference between ZIF-7 (0.35
CO2) and ZIF-7 (0.45 CO2). Ryder et al. gave detailed assignment for the INS peaks
of as-synthesised ZIF-7-I below 70 cm−1 [172]. By analysing the simulated peaks at 22,
49 and 67 cm−1, they revealed two “breathing” dynamic behaviours of the primary
guest-hosting pore of ZIF-7-I (Figure 5.10). These dynamic behaviours are caused
by the spiral twisting motion of the zinc ring and the rotational motion of the bIm
ligands. They are crucial to our understanding of the CO2 accessibility of the primary
guest-hosting pore. However the simulated INS peaks used for analysis can barely
be seen in my experimental data. Major changes are observed for peaks between 70
and 145 cm−1. Their origin was only vaguely attributed to the zinc ring deformation
and associated bIm ligand rocking. In order to understand the differences between the
dynamics of ZIF-7-I and ZIF-7-II primary guest-hosting pores and then the differences
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(a) (b)
Fig. 5.10 The “breathing” dynamic behaviours of ZIF-7-I primary guest-hosting pore,
reflected by the simulated INS peaks at 22 (a) and 49 (b) cm−1. From Ryder et al.,
2014 [172].
between their CO2 accessibility, improved calculation is needed for both phases.
Variations in the vibrational modes of the bIm ligand give some insight into the
different CO2 accessibility of ZIF-7-I and ZIF-7-II primary guest-hosting pores. A
doublet at 230 – 245 cm−1 represents the out-of-plane bending motion of bIm at
the bridge of the imidazole and benzene rings (C2–C6) (Figure 5.11). Two types of
bIm ligands in ZIF-7-II, classified by the angle between bIm and zinc ring plane, are
clearly indicated (Figure 5.12, also see in Chapter 3). The ligand molecule significantly
close to the zinc ring plane bends much faster than the other two. After the first
CO2 loading, the high-frequency peak merges into the low-frequency one since all
bIm become equivalent in the ZIF-7-I phase. This explanation is supported by the
behaviour of δ N–C2/6–C (471 cm−1) peak. Its decrease in frequency and its reduction
in intensity by 50% indicates the out-of-plane bending of part of bIm becomes weaker
during the phase transition. Slower bIm vibration may be a reason for the greater
CO2 accessibility of the primary guest-hosting pore in ZIF-7-I.
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Fig. 5.11 The INS spectra of ZIF-7 (CO2) and ZIF-7-II between 210 and 505 cm−1.
Fig. 5.12 The structures of the primary guest-hosting pore in ZIF-7-I (left) and ZIF-
7-II (right) with free internal pores. Zn: orange; N: blue; C: green; H: silver.
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The fact that bIm ligands vibrate differently in ZIF-7-II also contributes to the
splitting of the peak for the torsion motion of benzene ring (415 – 435 cm−1). The
bending motion of Zn–N–C2/6 (460 – 464 cm−1) is closely related to the bIm ligand
rocking. Corresponding peak increases in frequency and intensity after the first CO2
loading. This reflects the disordered to ordered rearrangement of Zn(bIm)4 tetrahedra
during the ZIF-7-II to ZIF-7-I phase transition (Figure 3.15 (a)).
Now I discuss the INS spectra collected on ZIF-7 (H2). No signal originating from
ZIF-7 structure can be seen in the difference spectra between ZIF-7 (H2) and ZIF-7-II
(Figure 5.13). This suggests that the sample remained in ZIF-7-II phase during H2
adsorption and the difference spectra are dominated by the incoherent scattering from
adsorbed H2. These H2 INS spectra reveal the torsional (or librational) ground-state
splitting (also called tunnel splitting) of H2 molecules caused by adsorption [177]. For
a free H2 molecule in a porous solid, its rotational degenerate energy levels can be
represented by [177, 178]:
E = BJ(J + 1) (5.4)
where B = 7.35 meV is the molecular rotational constant of H2, J is molecular ro-
tational quantum number. When physisorbed on a surface, H2 molecules rotate in
Fig. 5.13 The INS spectra of H2 in ZIF-7. Guide lines to the eyes are added for H2
peaks. 11.4 and 12.2 meV peaks corresponding to adsorbed H2 are enlarged on the
right side. * 1 meV ≡ 8.05 cm−1.
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Fig. 5.14 Energy levels of a two-dimensional hindered H2 molecule in a double-well
potential minimum. Energy levels and potential barrier height are given in terms of
B. From Howard et al., 1988 [177].
a double-well potential minimum, which causes the degenerate energy levels split-
ting. The new ground-state transition energy (Em) has an approximately exponential
dependence on the potential barrier height C [177, 179]:
Em = - 1.3 + 16.1 exp(- 0.19C) (5.5)
where Em is in meV, C is in kJ·mol−1.
In the H2 INS spectra, the peak at 14.6 meV corresponds to the energy transfer
occurring due to the ground-state transition of free H2. Its appearance in the spectra
shows that ZIF-7 was saturated with H2 in both loadings, and H2 binding sites observed
cover all possibilities. The two peaks at 11.4 and 12.2 meV are associated with two
H2 binding sites in ZIF-7, 1 and 2. Site 1 is expected to be the imidazole ring of bIm
ligand and site 2 the benzene ring. The potential barriers related to sites 1 and 2 are
1.25 and 0.93 kJ·mol−1 respectively, which are comparable to those given by phenylene
ligands in MOF-5 (1 kJ·mol−1) [174]. The similarity between the electronegativity of
two rings is likely the main reason for the close relationship between the height of their
potential barriers. The slightly larger electronegativity of the imidazole ring gives rise
5.3 Conclusions 98
to a higher potential barrier, as one may expect. The intensity of 11.4 and 12.2 meV
peaks are low, due to the weak interaction between H2 and the structure. Even so,
the data demonstrate H2 adsorption sites in ZIF-7 are well-defined. A distinguishable
increase in intensity from low to high H2 loading is observed for both peaks, reflecting
the fact that one more H2 molecule (3 → 4) is adsorbed per u.c. of ZIF-7.
The two H2 adsorption sites suggested by these INS spectra appear to be similar
to those previously found in ZIF-8 and ZIF-11 (Zn(bIm)2, RHO topology) by both
theoretical and experimental methods. In ZIF-8, the primary H2 adsorption site is
located at either side of the imidazole ring of the mIm ligand and is close to the C=C
bond [140, 180]. Assfour et al. indicated that in ZIF-11, the first H2 site is located on
the imidazole ring of the bIm ligand with an adsorption energy of 13.07 kJ·mol−1. The
second site is on top of the benzene ring with an adsorption energy of 9.86 kJ·mol−1
[181]. What seems clear from the earlier results and the INS data presented here is
that the imidazole ligands play a more dominant role than the metal centre within H2
adsorption in ZIF materials.
5.3 Conclusions
In summary, by using state-of-art quasi-elastic and inelastic neutron scattering tech-
niques, I have experimentally explored the dynamics of ZIF-7 (CO2) system. Fast CO2
diffusion indicates that ZIF-7 has much greater CO2 accessibility than expected. This
strongly supports the result from Chapter 4, that CO2 molecules are preferred to be
adsorbed in a geometrically-open pore of ZIF-7. The CO2 accessibility of the primary
guest-hosting pore has been studied and was found to be influenced by the bIm ligand
vibration. Although the interpretation is preliminary, it provides important evidence
for future theoretical studies to quantify the differences between ZIF-7-I and ZIF-7-II
primary guest-hosting pore in terms of CO2 accessibility. H2 adsorption in ZIF-7 has
also been studied by INS. Well-defined H2 adsorption sites were found on bIm ligands
even though the binding forces are very weak. The difference between ZIF-7 CO2 and
H2 adsorbabilities stems from the variation in the abilities of both molecules to induce
bIm linker rotation in the framework.
Chapter 6
Structural behaviours under high
pressure
In this chapter, the pressure-dependent structural behaviour of ZIF-7 is studied by
synchrotron PXRD. ZIF-7 is shown be able to withstand high hydrostatic pressure
whilst retaining its porosity and structural integrity through a new ferroelastic phase
transition (ZIF-7-IV). Results confirm the notable influence of guest occupancy on the
response of ZIFs to pressure. Oversaturation of ZIF-7 with solvent molecules greatly
decreases its compressibility and increases its resistance to amorphisation. ZIF-7-II is
found to be able to recover to ZIF-7-I structure with excellent resistance to pressure.
The substance of this chapter has been published in Dalton Transactions by Zhao et
al. [100].
6.1 Literature review
Previously in Chapter 4, CO2 adsorption was shown to be prohibited at relatively high
loading pressure, because squeezed pores in the host material were no longer able to
uptake any more guest molecule. CO2 adsorption in ZIF-7 is dependent on a balance
between the internal pressure of the guest molecules and the external gas pressure
imposed. In this chapter, a further investigation of the influence of external confining
pressure on the properties of ZIF-7 is discussed, and results are compared to assess the
relative influence of external pressure and internal pressure given by guest molecules
on the structural response of ZIF-7. A wide pressure range (up to 5.65 GPa) has been
used to allow a thorough examination of the pressure-dependent structural behaviour
of ZIF-7.
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Despite their industrial potential and the rather extensive research on the wider
structural family, there are only a handful of high-pressure structural studies of ZIFs,
employing either single-crystal or powder X-ray diffraction. Spencer et al. first ex-
amined dense ZIF-zni [182]. They obtained a bulk modulus of 14 GPa and identi-
fied an irreversible phase transition driven by cooperative bond rearrangement (α-
phase: I41cd to β-phase: I41) in the pressure range 0.54 – 0.85 GPa. Later studies
on microporous ZIF-8 were conducted by Chapman et al. [66] and Moggach et al.
[90]. Pressurisation beyond 0.34 GPa in a non-penetrating pressure-transmitting fluid
(PTF), fluorinert FC75, was reported as leading to an irreversible amorphisation of a
commercially-available ZIF-8 sample [35]. A bulk modulus of 6.5 GPa was determined
for the sample [35]. Pressurisation induced by a penetrating PTF, 4:1 (volume ratio)
MeOH and EtOH mixture (ME), however, gives rise to a reversible phase transition
in a MeOH-containing sample at 1.47 GPa (ZIF-8: I 4¯3m to ZIF-8-II: I 4¯3m), associ-
ated with a “gate-opening” phenomenon. The pressure-related structural behaviour
of ZIF-4 (Zn(Im)2, cag topology), a framework of relatively low porosity, has also
been studied [62]. In contrast to its irreversible transition to ZIF-zni upon heating
[63], ZIF-4 shows a phase transition (ZIF-4: Pbca to ZIF-4-I: P21/c) below 0.56 GPa
when guest molecules (MeOH) were present in its internal pores and pressurisation
was induced by a penetrating PTF (ME). Both solvated and desolvated ZIF-4 show
reversible amorphisation as a function of pressure. The bulk moduli of pore-occupied
ZIF-4 and ZIF-4-I were estimated to be 7.7 and 16.5 GPa, respectively, significantly
higher than that of the evacuated framework (2.6 GPa).
Previous studies of porous ZIF-4 and ZIF-8 demonstrate the crucial influence of
guest molecules on the mechanical properties of ZIFs. The fact that pore-filling de-
creases compressibility and increases resistance to amorphisation has also been demon-
strated in zeolites [183, 184]. Both ZIF-4 and ZIF-8 frameworks are relatively simple
in terms of ligand and crystal system (cubic and orthorhombic respectively) and have
relatively small unit cells (V = 4300 – 4900 Å3). Given suggestions that sterically large
ligands confer stability to microporous structures [185], the absence of any reports of
the bulk moduli of open framework materials of this type is surprising. This deficit is
addressed here by studying crystallographically and chemically more complex ZIF-7
to further explore the extreme conditions under which ZIFs retain their characteristic
properties.
6.2 Methodology 101
6.2 Methodology
6.2.1 High-pressure X-ray powder diffraction
High-pressure X-ray powder diffraction (HP-PXRD) experiments were conducted at
beamline X04SA of Swiss Light Source [186]. They were used to study the structural
responses of ZIF-7 samples containing DMF (as-synthesised, experiment A and B),
ME (experiment C) and evacuated (ZIF-7-II, experiment D) with both small-molecule
PTFs (DMF in experiment A; ME in experiment C) and large-molecule PTF (1:1
(volume ratio) fluorinert FC770 and FC75 mixture (FC) in experiment B and D).
Data collection was performed using an array of Mythen II position sensitive de-
tectors [187]. The working photon wavelength was calibrated using a silicon standard
(NIST 640C) (λ = 0.70850 Å). Pressures were applied to the sample using a gas-
membrane Boehler-type diamond anvil cell (DAC, 500 µm diamond culets). The
sample pressure was measured using quartz loaded in the DAC as the internal stan-
dard [188]. The pressure step size was 0.01 GPa in the range of 0 to 1 GPa. For high
pressures above 1 GPa, it varied from 0.1 to 1 GPa. After each experiment, pressure
was released from the DAC gradually. Diffraction data were recorded while pressure
decreased and at ambient pressure. The raw data were processed and merged using
in-house software.
6.2.2 Pawley fitting
In order to trace the unit cell behaviour of ZIF-7-I under various pressures, Pawley
fitting of the HP-PXRD data was carried out using TOPAS-Academic 4.1 [107, 129].
The ZIF-7-I model given by Yaghi et al. [29] was converted from hexagonal to rhom-
bohedral setting by WinGX 1.8 [189] using the transformation matrix :
A =

2
3
1
3
1
3
−13
1
3
1
3
−13 −
2
3
1
3

(6.1)
The cell parameters obtained were converted to a triclinic setting (a = b = c = 14.247
Å, α = β = γ = 107.23◦) as the starting point of the Pawley fitting of the first dataset
in experiment A – C. The starting model of each following Pawley fitting was the
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Fig. 6.1 Experiment at X04SA. Top: Mythen II position sensitive detectors and a
gas-membrane Boehler-type DAC in the beamline. Bottom left: the gas-membrane
controller. Bottom right: inside Swiss Light Source.
calculated result from the previous dataset in the sequence. Rietveld refinement of
the quartz structure was incorporated to calculate the actual pressures in the DAC
sample chamber [105, 106]. The initial quartz structural model was obtained from
ICSD. In view of the presence of ZnO impurity, only diffraction data in the 2θ range
of 3 – 24◦ were used for Pawley fitting and Rietveld refinement. ZnO peaks in this 2θ
range were excluded. The background was reduced manually to minimise its influence
and then fitted by a shifted Chebyschev function. The 2θ zero offset was calibrated and
fixed for each experiment. The peak shape was modeled with pseudo-Voigt functions.
Spherical harmonics were used for preferred orientation correction in the Rietveld
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refinement of the quartz structure. Pawley fitting and Rietveld refinement was carried
out on each successive diffraction pattern until pressures at which ZIF-7-I peaks had
almost disappeared and Pawley fitting consistently diverged. The actual pressures in
the DAC sample chamber were calculated according to the equation of state (EoS) of
quartz [188]:
c
a
= 1.10006(4) + 0.00280(3)p+ 0.000022(3)p2 (6.2)
where a and c are the cell parameters of quartz, p is pressure in GPa.
6.3 Results and discussion
6.3.1 Experiment A: ZIF-7 (DMF) in DMF
Pressures between 0 and 1.01 GPa were applied to an as-synthesised ZIF-7 sample
using DMF as a PTF. DMF has similar molecular weight, density, kinematic viscosity
and vapour pressure to commonly-used alkane-based PTFs whose hydrostatic pressure
limits exceed 6 GPa [190]. It is therefore anticipated that all modest pressures in
experiment A are hydrostatic [191]. Several diffraction peaks split upon increasing
pressure, indicating that a symmetry reduction in the ZIF-7 sample takes place (Figure
6.2).
This symmetry reduction may be closely related to the structural behaviour of the
primary guest-hosting pore of ZIF-7. Since the primary guest-hosting pore locates
in the origin of ZIF-7-I rhombohedral unit cell, diffraction patterns were fitted by
Pawley method using a primitive triclinic unit cell based on the rhombohedral unit
cell, as described previously in the methodology section. At the lowest pressures
(0.02 – 0.05 GPa), the unit cell volume increases continuously with pressure (Figure
6.3). This is related to the incorporation of DMF molecules migrating from the PTF
into the framework as pressure rises. A similar oversaturation phenomenon under
pressure has been observed previously in ZIF-8 [90] and is known in zeolites [192]. For
pressures above 0.05 GPa the pressure–volume relation was fitted with a second-order
Birch-Murnaghan EoS [182, 192, 193], giving a bulk modulus (K 0A) of 23.3(5) GPa at
ambient temperature:
p(V ) = 3K02 [(
V0
V
) 73 − (V0
V
) 53 ]
{
1 + 34(K
′
0 − 4)[(
V0
V
) 23 − 1]
}
(6.3)
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Fig. 6.2 PXRD peak splitting upon increasing pressure and recovery at low pressure
in experiment A. The diffraction peak from the quartz standard is indicated by *.
where p is the pressure of measurement, V0 is the initial volume, V is the volume of
measurement, K 0 is the bulk modulus, and K ′0 is the derivative of the bulk modulus
with respect to pressure. Here K ′0 was fixed at 4, a typical representative value for
framework structures.
The highest bulk modulus previously reported for ZIF-related materials is 16.6 GPa
for LiB(Im)4, a dense analogue of ZIF-zni, though there was no solvent present [194].
Pore penetration by PTF gives ZIF-7 the lowest compressibility (highest bulk modulus)
found in ZIF materials yet. It should be noted that aluminosilicate zeolites typically
show K 0 in the range 14 – 70 GPa [182, 185, 192]. The bulk mechanical properties of
ZIFs appear to be approaching the regime of their inorganic aluminosilicate analogues.
This highlights the mechanical stability of ZIFs and underlines their huge potential in
industrial application.
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Fig. 6.3 Top: the pressure-induced oversaturation in experiment A reflected by an
increase in ZIF-7 unit cell volume upon pressurisation at low pressure; dash line is
the EoS fit at higher pressure above 0.1 GPa. Bottom: the evolution of the unit cell
volume as a function of hydrostatic pressure between 0 and 1.01 GPa, fitted by a
second-order Birch-Murnaghan EoS.
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In order to understand the pressure-induced symmetry-breaking phase transition
seen in Figure 6.2, the ferroelastic spontaneous strains (S) were calculated at each
pressure and their pressure evolution was characterised by fitting an effective order
parameter S with critical exponent n [195]:
S = A(p− pc)n (6.4)
where p is the pressure of measurement and pc is the phase transition critical pres-
sure; A is a material constant and n is the critical exponent for the phase transition.
Spontaneous strains were defined as:
S0 =
3(a− c)
(a+ b+ c) (6.5)
S1 = (α− γ) (6.6)
Fits give a critical pressure, pc = 0.02 – 0.05 GPa, at which point ZIF-7-I trans-
forms to a previously unknown high-pressure ferroelastic phase with triclinic symmetry
(denoted ZIF-7-IV). Rietveld refinement [105, 106], using the ZIF-7-I rhombohedral
structure as a starting model, of data collected at p = 0.40 GPa was carried out to ob-
tain the low-symmetry ZIF-7-IV structure. The refinement started from the previous
result from Pawley fitting. Raw data in the 2θ range of 3 – 14◦ were used. Rietveld
refinement of the quartz structure was incorporated. The background was described
by a shifted Chebyschev function. The peak shape was modeled with a Pseudo-Voigt
function. Spherical harmonics were used for preferred orientation correction. In the
ZIF-7-IV structure, bIm ligands were treated as rigid bodies using Cartesian coor-
dinates to reduce the number of variables. Dummy atoms were added to define the
origins of rigid bodies. Distance restraints were set between zinc and the coordinating
nitrogen atoms. Angle, flatten and “Anti-bump” restraints were set between zinc and
surrounding carbon and nitrogen atoms with reasonable weight factors. Single atomic
displacement parameters were set for the ligands and zinc element respectively. The
DMF solvent molecule was defined as a rigid body described by Z-matrix with atomic
displacement parameters and occupancy of all atoms constrained. The crystal data
of ZIF-7-IV structure are shown in Table 6.1. A CIF file containing structure details
has been deposited in the Cambridge Crystallographic Data Centre: CCDC 1036075.
It can also be found in the CD attached to this dissertation, along with the script file
of the Rietveld refinement and the experimental data file.
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Fig. 6.4 The observed and calculated PXRD patterns of ZIF-7-IV, p = 0.40 GPa,
experiment A.
Table 6.1 The crystal data and structure refinement of ZIF-7-IV.
Chemical formula C14H10N4Zn · (C3H7NO)0.3
Temperature 300 K
Pressure 0.4 GPa
Wavelength 0.708498 Å
Crystal system Triclinic
Space group P 1¯
Unit cell parameters a = 14.298(2) Å α = 107.47(1)◦
b = 14.165(2) Å β = 108.11(2)◦
c = 14.314(3) Å γ = 106.60(2)◦
Volume 2388(1) Å3
Z 2
Z ’ 9
2θ range for data collection 2.5 – 80◦
Index range (2θ) 3 – 14◦
Refinement method Rietveld refinement method
Rwp 25.89%
Rbragg 15.32%
Chi2 1.302
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Fig. 6.5 Moderate structural distortion in the primary guest-hosting pore in the ZIF-7-I
to ZIF-7-IV phase transition.
The metal tetrahedral topology, structural connectivity and porosity in ZIF-7-I are
retained in the new phase. Moderate structural distortion in the primary guest-hosting
pore leads to the symmetry loss seen in ZIF-7-IV (P 1¯) (Figure 6.5). Calculations using
Mercury 3.3 [135] show a slight increase in the percentage of the void in the unit cell
on increasing pressure through this phase transition, from 23.2% in ZIF-7-I to 25.5%
in ZIF-7-IV. The phase transition pressure is intriguingly low compared to that of
MeOH-containing ZIF-4 (0.56 GPa) [62] and ZIF-8 (1.47 GPa) [90] in a ME PTF.
This can be attributed to the sterical effect of the bIm ligands. ZIF-7-IV is stable up
to 1.01 GPa. The ZIF-7-I to ZIF-7-IV transition is displacive and reversible, with the
ZIF-7-I trigonal aristotype structure fully recovered by the same ferroleastic transition
on depressurisation (Figure 6.2).
6.3.2 Experiment B: ZIF-7 (DMF) in FC
1:1 (volume ratio) fluorinert FC770 and FC75 mixture (FC) was used as a non-
penetrating external pressure-transmitting medium to exert pressures between 0 and
3.44 GPa on an as-synthesised ZIF-7 sample. The hydrostatic pressure limit of this
fluorinert mixture is reported as 1.2 – 1.5 GPa [191, 196]. Data collected beyond
this limit were not fitted and non-hydrostaticity was confirmed by the divergence of
Pawley fits. In contrast to experiment A, no initial cell expansion was seen at the
onset of pressurisation (Figure 6.6). This indicates that FC does not enter the ZIF-7
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Fig. 6.6 The evolution of ZIF-7 unit cell volume in experiment B as functions of hydro-
static pressure between 0 and 1.5 GPa, fitted by two second-order Birch-Murnaghan
EoSs.
structure and supports the conclusion that the initial increase in the unit cell volume
seen in experiment A is due to the incorporation of DMF into the framework. There
is a turning point around p = 0.5 – 0.6 GPa in the volume–pressure data, which may
indicate another phase transition, though a full structural refinement was not possible
from the powder data at this pressure. Two separate second-order Birch-Murnaghan
EoSs were used to fit data in the pressure ranges 0 – 0.5 and 0.5 – 1.5 GPa, giving two
bulk moduli K 0B = 13(1) GPa (ZIF-7-IV) in the lower pressure range and K ∗0B = 22(2)
GPa above p = 0.5 GPa. Both values are significantly larger than those of the bulk
moduli of as-synthesised and high-pressure phases of ZIF-4 (MeOH-containing) in a
penetrating PTF (ME) (7.7 and 15 GPa respectively) [62]. The difference in moduli
between experiment A (K 0A) and B (K 0B) is attributed to the oversaturation of ZIF-7
with DMF in the former, which decreases its compressibility [197, 198]. Calculating
the critical pressure of the ZIF-7-I to ZIF-7-IV phase transition (Table 6.2), one no-
tices that ZIF-7-IV appears as soon as pressure is applied in experiment B. This is
because the non-penetrating PTF exerts a much stronger external stress on ZIF-7-I
which is not supported by penetration of the PTF. In situ reversible amorphisation of
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Table 6.2 A summary of ZIF-7 pressure-dependent behaviours in experiment A – C.
Sample Experiment PTF pc (GPa) Amorphisation
pressure (GPa)
K 0 (GPa)
ZIF-7 (DMF) A DMF 0.02 – 0.05 23.3(5)
B FC -2.4×10−9 3.45 13(1)
ZIF-7(ME) C ME 5.65 21.1(7)
1 pc: the critical pressure of the phase transition from ZIF-7-I to ZIF-7-IV.
2 K 0: the bulk modulus of ZIF-7-I/ZIF-7-IV.
Fig. 6.7 The PXRD data of ZIF-7 under pressure in experiment B. The diffraction
peak from the quartz standard is indicated by *.
ZIF-7 was observed in experiment B at a (comparatively) high pressure of 3.45 GPa
(Figure 6.7). Given the reversible nature of the transition, the short-range ordering
and associated structural connectivity of ZIF-7 are anticipate unaffected by pressure
[62].
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6.3.3 Experiment C and D: ZIF-7-II in ME and FC
To further investigate the effect of guest occupancy upon the pressure-related be-
haviour of ZIF-7, experiment A and B were repeated with evacuated sample, ZIF-7-II,
in experiment C and D. Small-molecule PTF ME and large-molecule PTF FC were
used respectively. ZIF-7-II was prepared by heating as-synthesised ZIF-7 at 400 K in
air for 24 h. In experiment C, ZIF-7-II transformed back to ZIF-7-I structure as soon
as ME was loaded at ambient pressure, suggesting that ZIF-7 nanopores were filled by
MeOH and/or EtOH molecules, according to Chapter 3. Pressures between 0 and 5.65
GPa were then applied to this MeOH/EtOH-bearing ZIF-7 (Figure 6.8). The phase
transition from ZIF-7-I to ZIF-7-IV was observed, however, a meaningful estimate of
the critical pressure could not be obtained due to poor data coverage between 0.2 and
0.9 GPa. Using a second-order Birch-Murnagan EoS to fit the pressure–volume curve,
I obtained a bulk modulus of ZIF-7-IV: K 0C = 21.1(7) GPa, consistent with K 0A. Al-
though the Bragg peaks at 5.65 GPa were too broad to yield precise cell parameters,
it is clear that ZIF-7-IV remains stable at this pressure. In experiment D, ZIF-7-II
retained its structure since FC is not able to penetrate. ZIF-7-II has poor crystallinity
characterised by broad Bragg peaks. It appeared to show structural collapse at a very
Fig. 6.8 The PXRD data of ZIF-7 under pressure in experiment C. The diffraction
peak from the quartz standard is indicated by *.
6.4 Conclusions 112
Fig. 6.9 The PXRD data of ZIF-7-II under pressure in experiment D. The diffraction
peak from the quartz standard is indicated by *.
early stage on pressurisation and was damaged at 4.54 GPa (Figure 6.9).
In experiment C, the higher amorphisation pressure of ZIF-7-IV (compared with
that in experiment B) also indicates that the penetration of PTF molecules plays an
important role in the high-pressure stability of ZIF structures. The recovered ZIF-
7-I or ZIF-7-IV unit cell was measured on pressure release back to ambient. The
reversal of the ZIF-7-I to ZIF-7-IV phase transition was difficult to identify due to
the very low pressure of the transition, pressure hysteresis in the DAC and excessive
peak broadening after amorphisation. My observations demonstrate the excellent
recovery from ZIF-7-II to ZIF-7-I and the exceptional resilience to pressure of the
recovered structure. Bearing this in mind, realistic gas sequestration applications of
ZIF-7 could exploit pore activation, performed by mild heating, without concerns
about degradation of the recovered structure.
6.4 Conclusions
In summary, ZIF-7 is shown to be able to withstand high hydrostatic pressure whilst re-
taining its porosity and structural integrity. This stability is attributed to the presence
of sterically large organic ligands which confer mechanical stability to the framework.
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The structural response of ZIF-7 to pressure is also greatly influenced by the bIm linker
rotation and includes a displacive structural transition to a distorted but stable and
topologically invariant high-pressure phase, ZIF-7-IV. Results confirm the influence
of guest occupancy on the response of ZIFs to pressure. Notably, oversaturation of
ZIF-7 with solvent molecules greatly decreases its compressibility and increases its re-
sistance to amorphisation. The evacuated ZIF-7 phase, ZIF-7-II, can easily recover to
the ZIF-7-I structure by guest reoccupation. The recovered structure shows excellent
pressure resilience.
Unfortunately, the pressure range corresponding to those studied in Chapter 4
(0.1 – 0.2 MPa) was not attained, due to the inherent difficulties of controlling the
application of low pressure in the DAC. Nevertheless, the critical pressure observed for
the ZIF-7-I to ZIF-7-IV phase transition in experiment A (20 – 50 MPa) is much higher,
indicating that in Chapter 4 during CO2 adsorption the pressure may only act as a
restraint of the flapping motion of bIm ligands. The phase transition pressure is also
higher than those in postcombustion and precombustion CCS processes (ca. 0.1 and 3
MPa, respectively) [199, 200], however it is close to those in some applications such as
Fig. 6.10 High-pressure CO2 adsorption and desorption isotherms of ZIF-7 at 298 K.
Semi-logarithmic scale is used for CO2 pressure in order to present a clear view of the
isotherm feature in the high-pressure range.
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high-performance liquid chromatography (14 – 140 MPa) [201, 202] and pelletisation.
In future studies, it would be of interest to investigate the structural response of ZIF-7
over a range of lower pressures, e.g. 0 – 6 MPa. The CO2 adsorption and desorption
isotherms in the pressure range of 0 – 1.9 MPa have been measured at 298 K, showing
the influence from pressure on the CO2 uptake of ZIF-7 (Figure 6.10).
Chapter 7
Conclusions and future work
7.1 Conclusions
Metal-organic frameworks (MOFs) are highly-functionalised porous solids. They can
act as platforms for many applications including efficient CO2 capture. MOFs have
good robustness as well as high flexibility which is sometimes reflected by their re-
sponsive structural behaviours to external stimuli, for example, guest incorporation.
This dissertation describes a series of studies on a specific MOF, zeolitic imidazolate
framework 7 (ZIF-7), probing the relationship between its structure and CO2 capture
properties under various conditions. An explanation of its step-shaped CO2 adsorption
isotherm has been given, based on the findings from Chapter 3 – 6.
A phase transition between solvated and desolvated ZIF-7 (ZIF-7-I and ZIF-7-II)
was first characterised in Chapter 3. This transition was found identical to the one
observed in ZIF-7 CO2 adsorption at room temperature. The crystal structure of ZIF-
7-II was determined and compared with that of ZIF-7-I. The “gate-opening” behaviour
of ZIF-7 primary guest-hosting pore for CO2 adsorption was visualised for the first
time. Results indicate that bIm ligands have exceptional high flexibility in respect
of rotational motion. In addition, an irreversible phase transition, from ZIF-7-I or
ZIF-7-II framework to a dense ZIF-7-III layer structure, arising from selective Zn–N
bond hydrolysis, was seen for the first time.
Based on the phase transition triangle explained above, Chapter 4 and 5 studied the
crystal structures and dynamic behaviours of ZIF-7 (CO2) system using diffraction and
spectroscopy methods. CO2 molecules were found to have an adsorption preference
for a geometrically-open pore of ZIF-7 over the primary guest-hosting pore. This
preference is responsible for the fast CO2 transport diffusion in the framework. The
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rotation of bIm ligands in the geometrically-open pore gives rise to the cooperative
CO2 adsorption in the primary guest-hosting pore, which is reflected by the step-shape
of the adsorption isotherm. The rotation of bIm linkers also induces the ZIF-7- II to
ZIF-7-I phase transition upon increasing CO2 pressure. The vibrational modes of bIm
ligands have been indicated to have a strong influence on the CO2 accessibility of the
primary guest-hosting pore.
Results from Chapter 4 also revealed the influence of pressure on the CO2 adsorp-
tion process in ZIF-7. CO2 adsorption was found to depend upon a balance between
the internal pressure of the guest molecules and the external gas pressure imposed.
The pressure-dependent structural behaviour of ZIF-7 was further explored in Chapter
6. ZIF-7 was shown to be able to withstand high hydrostatic pressure whilst retaining
its porosity and structural integrity. Its structural response to pressure is also greatly
influenced by bIm rotation and includes a displacive structural transition to a distorted
but stable and topologically invariant high-pressure phase, ZIF-7-IV. Notably, over-
saturation of ZIF-7 with solvent molecules greatly decreases its compressibility and
increases its resistance to amorphisation. ZIF-7-II was shown to be able to recover to
the ZIF-7-I structure with excellent pressure resilience.
Along with the main project, several side projects were conducted. For example,
in Chapter 2 and 3, I demonstrated the feasibility of mechanosynthesis in producing
ZIF-7-I, ZIF-7-III and ZIF-9-III. In Chapter 5, H2 adsorption in ZIF-7 was studied.
The binding configuration between H2 and ZIF-7 was revealed and bIm ligands were
shown to have a dominant role in controlling the H2 affinity of ZIF-7. The difference
between ZIF-7 CO2 and H2 adsorbabilities stems from the variation in the abilities of
both molecules to induce bIm linker rotation in the framework.
The highlight of this dissertation is the demonstration of the relationship between
the local dynamics of bIm ligands and the global dynamics of ZIF-7 structure in
response to external stimuli. The CO2 cooperative adsorption in ZIF-7 is revealed by
this dissertation. Due to its framework flexibility, ZIF-7 is a more open framework
than expected and can be used in various applications including gas separation and
sensing.
7.2 Future work
Several future studies may provide a complement and extension to the present work
described in this dissertation.
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First of all, the neutron scattering data in Chapter 5 have not been fully under-
stood. It is important to conduct related experiments and simulations to backup the
conclusions and guide further analysis. For example, from QENS data, CO2 diffusion
was found negligible in ZIF-7 (0.1 CO2) at 250 K and ZIF-7 (0.4 CO2) at 225 K,
even though CO2 is expected to be in the gas phase under these conditions. Reasons
behind are yet to be understood. Future studies need to focus on employing alter-
native experimental methods such as IRM to examine the results obtained, and on
conducting MD simulations to investigate the structural influence from ZIF-7-I and
ZIF-7-II on the diffusive behaviour of CO2. In the future, efforts should also be put
on the interpretation of INS data for a better understanding of the influence from
bIm vibrations on ZIF-7 CO2 adsorption. Although the qualitative analysis based
on previous simulation results gives some insight, quantification of these explanations
should be conducted to reach a more robust hypothesis.
Secondly, a few experiments in this dissertation were performed at low temperature
(10 – 195 K). It is clearly necessary to study the structural behaviours of ZIF-7 in
the low-temperature range. On the other hand, low pressure ranges corresponding to
those in most CO2 capture applications were not attained in the DAC PXRD study
in Chapter 6. Further studies should focus on these pressures. A series of PXRD
experiments using synchrotron radiation have been conducted on the CO2 and CH4
adsorption in ZIF-7 at low temperature (80 – 298 K) and in the pressure range of 0 –
6 MPa at beamline I11, Diamond Light Source, Didcot, UK [131, 132] (Appendix C).
Data analysis is yet to be conducted to reveal the structural changes of ZIF-7 under
these conditions and possibly the gas adsorption kinetics of the material. The CH4
adsorption in ZIF-62 (Zn(bIm)0.25(Im)1.75, cag topology) was also studied (T = 120
K, p = 0 – 2.5 MPa). A reversible phase transition was observed upon gas adsorption
and will be further analysed.
Finally, as mentioned in Chapter 1, ZIF-7 trans-2-C4H8 adsorption isotherm has
more than one step. This indicates more than one structural transformation may
have taken place in the material. It points to the value of future research on ZIF-7
structural responses to large hydrocarbon molecules.
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Appendix A
The Raman spectra of ZIF-7 upon heating. Guide lines to the eyes are added where
needed.
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Appendix B
The INS spectra of ZIF-7 (CO2) and ZIF-7-II in sections (a to e), fitted by Voigt
functions.
Wavenumber [cm−1] Band assignment
a 230 – 245 (doublet) δ2 bIm at C2–C6
b 415 – 435 (doublet) τ Bz (raised by C3–H & C7–H wagging)
c 460 – 464 δ Zn–N–C2/6
471 δ N–C2/6–C
d 744 – 747 δ2 Bz C–H
771 δ1 Bz & Im
e 844 – 847 δ2 Im C1–H
895 – 900 δ2 Bz C3–H, C4–H & C7–H
1003 – 1006 δ1 Bz C–H
(1) In each group of figures, top to bottom: ZIF-7-II, ZIF-7 (0.35 CO2) and ZIF-7
(0.45 CO2).
(2) In each figure, top to bottom: difference, experimental and calculated data (dots
and red line respectively), Voigt peaks.
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Appendix C
A series of PXRD experiments were conducted to investigate the structural behaviours
of ZIF-7 and ZIF-62 at 80 – 298 K and in the CO2 or CH4 pressure range of 0 – 6 MPa at
beamline I11, Diamond Light Source, Didcot, UK [131, 132]. ZIF-62 was synthesised
using a solvothermal method similar to that for ZIF-7 synthesis: Zn(NO3)2 · 6H2O
(0.60 g, 2.03 mmol), HbIm (0.23 g, 1.99 mmol) and imidazole (HIm, 0.55 g, 8.05
mmol) were first dissolved in fresh DMF (70 ml). The resultant solution was then
poured and sealed into a 100 ml teflon-lined stainless steel autoclave. The autoclave
was heated at 400 K for 48 h. After naturally cooling to room temperature, cream-
coloured powdery crystals were isolated after the mother liquor was removed. The
average yield was around 0.39 g (83% based on Zn(NO3)2 · 6H2O, the molar mass of
ZIF-62 is from Yaghi et al., 2008 [15]).
The as-synthesised ZIF-7 and ZIF-62 samples were activated at 400 K for 48 and
24 h respectively. The activated samples were loaded into a quartz glass capillary for
data collection in the low-pressure range (0 – 150 kPa) or a sapphire capillary for data
collection in the high-pressure range (0.092 – 10 MPa). Glass wool was packed on top
of the sample and the capillary was then fixed onto a custom-made gas cell. Instrument
settings are similar to what was described in Chapter 3. In the low-pressure range (0
– 150 kPa), gas pressure was controlled by a custom-made gas-loading system. In the
high-pressure range (0.092 – 10 MPa), gas loading was performed manually using a
gas panel similar to those employed in Chapter 5.
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Fig. C.1 Experiment at I11: gas cells. Left one is with a quartz glass capillary. It is
used in the low-pressure range (0 – 150 kPa). Right one is with a sapphire capillary.
It is used in the high-pressure range (0.092 – 10 MPa).
Fig. C.2 Experiment at I11. Left: the multi-analysing crystals detector (upper part)
and Mythen II position sensitive detectors (lower part). Right: a high-pressure capil-
lary gas cell under low temperature.
148
Fig. C.3 The PXRD data of ZIF-7-II upon p(CO2) (0 – 100 kPa) at 195 K.
Fig. C.4 The PXRD data of ZIF-7-II upon p(CO2) (0 – 5.75 MPa) at 298 K.
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Fig. C.5 The PXRD data of ZIF-7 (CO2) during cooling (298 – 90 K), p(CO2) = 92
kPa. This test was conducted after the one represented by Figure C.4, with sample
unchanged.
Fig. C.6 The PXRD data of ZIF-7 (CO2) upon p(CO2) (0.092 – 5.68 MPa) at 90 K.
This test was conducted after those represented by Figure C.4 and C.5, with sample
unchanged.
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Fig. C.7 The PXRD data of ZIF-7-II upon p(CH4) (0 – 2.32 MPa) at 298 K.
Fig. C.8 The PXRD data of ZIF-7-II during cooling (298 – 85 K).
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Fig. C.9 The PXRD data of ZIF-62 during cooling (298 – 120 K).
Fig. C.10 The PXRD data of ZIF-62 upon p(CH4) (0 – 2.46 MPa) at 120 K. This test
was conducted after the one represented by Figure C.9, with sample unchanged.
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Fig. C.11 The PXRD data of ZIF-62 upon p(CH4) (0 – 2.46 MPa) and temperature
between 120 and 298 K.
